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A b s t r a c t  
Experiments show t h e  e f f e c t  of s e l f  - induced convec t ion  on i n d i v i d u a l  den- 
d r i  t e  growth i n u n i f  orml y supercool  ed samples and s o l  i d i f  i c a t i o n  o f  t h e  
r e s u l t i n g  mush under c o n d i t i o n s  of h i g h  ( 2 )  and low (.05) g. Convect ion i s  
c 
v i s u a l i z e d  by a S c h l i e r e n  o p t i c a l  system o r  a Mach Zender i n t e r f e r o m e t e r .  For 
i c e  c r y s t a l s  growing from t h e  vapor i n  a i r ,  a s l i g h t  r e d u c t i o n  i n  l i n e a r  growth 
r a t e  occurs under low g. For  i c e  c r y s t a l s  growing f r o m  NaCl  s o l u t i o n ,  d e n d r i t e  
t i p  v e l o c i t i e s  a r e  unchanged, bu t  subsequent mush s o l i d i f i c a t i o n  i s  enhanced 
t h r o u g h  dra inage channels under h i g h e r  g. By c o n t r a s t ,  sodium s u l f a t e  deca- 
h y d r a t e  d e n d r i t e s  growing from s o l u t i o n  produce c o n v e c t i v e  plumes which l e a d  t o  
h i g h e r  t i p  growth r a t e  o n l y  as t h e  c r y s t a l  growth d i r e c t i o n  approaches t h a t  of, 
g r a v i t y .  Convect ive plumes are  laminar  f o r  smal l  (100 m-mm) c r y s t a l s  under 
c o n d i t i o n s  of these exper iments;  t h e  r i s e  v e l o c i t y  of such plumes i s  g r e a t e r  
t h a n  i n d i v i d u a l  v o r t e x  r i n g s  under i d e n t i c a l  c o n d i t i o n s .  Convect ion e f f e c t s  a re  
o n l y  present  i n  s o l u t i o n  under a c r i t i c a l  supercoo l ing  l e s s  than about 5°C f o r  
sodium s u l f a t e  and 2OC f o r  i c e  i n  sodium c h l o r i d e  s i n c e  a t  h i g h e r  supercoo l ing  
t h e  c r y s t a l  1 i zat  i on ve l  o c i  t y ,  p r o p o r t i o n a l  t o  t h e  square of t h e  supercool  i ng, 
exceeds t h e  convec t ive  v e l o c i t y ,  p r o p o r t i o n a l  t o  t h e  square r o o t  of t h e  super-  
c o o l i n g .  The r o l e  of convec t ive  v e l o c i t y  i n  b u l k  sol  i d i f  i c a t i o n  i s  t o  g i v e  a 
l a r g e  s c a l e  f l o w  which under extreme cases may lead t o  e x t e n s i v e  secondary 
c r y s t a l  p roduc t ion ,  which a l t e r s  t h e  r e s u l t i n g  c r y s t a l  t e x t u r e  of t h e  comple te ly  
s o l i d i f i e d  mel t .  Suggestions are  made f o r  f u r t h e r  s t u d i e s  under more h i g h l y  
c o n t r o l  l e d  c o n d i t i o n s  of a s h u t t l e / s p a c e  s t a t i o n  environment. F u t u r e  e x p e r i -  
ments f o r  i n v e s t i g a t i n g  t h e  fundamental aspects of b o t h  extreme c r y s t a l  growth 
h a b i t s  and assoc ia ted  f l u i d  mot ion should u t i l i z e  a v a r i a b l e  g environment f r o m  
< 10-3 t o  a t  l e a s t  2 g. 
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1. INTRODUCTION. 
Change of phase i n  any p h y s i c a l  sys-em i s  c r i  i c a l l y  l i n k e d  t o  two pro-  
cesses. F i  r s t ,  n u c l e a t i o n  r e q u i  r e s  a thermodynamic d r i  v i  ng f o r c e  t o  overcome a 
p o t e n t i a l  b a r r i e r  t o  f o r m  an embryo l a r g e  enough t o  grow r a t h e r  than d i s s i p a t e  
under t h e  ambient c o n d i t i o n s .  Second, t h e  mass and heat t r a n s f e r  process i s  
l i m i t e d  by bo th  k i n e t i c  phenomena a t  t h e  i n t e r f a c e  between t h e  two phases and 
molecu la r  t r a n s p o r t  processes towards and away f r o m  t h e  i n t e r f a c e  i n  t h e  b u l k  of 
t h e  m a t e r i a l .  These c o n s i d e r a t i o n s  have general  a p p l i c a b i l i t y  f o r  a l l  phase 
changes - s o l i d  - l i q u i d  - vapor, whether as pure m a t e r i a l s ,  as a mix tu re ,  o r  as 
a s o l u t i o n .  A s p e c i a l  case a r i s e s  when mass t r a n s p o r t  can be neglected, as f o r  
example i n  c r y s t a l l i z a t i o n  f r o m  a pure m e l t  o r  vapor where growth r a t e  is  en- 
t i r e l y  determined by k i n e t i c  and heat t r a n s p o r t  cons idera t ions .  Even i n  t h i s  
case, i n  p r a c t i c e ,  t r a c e  i m p u r i t y  segregat ion  a t  t h e  i n t e r f a c e  may e v e n t u a l l y  
. l e a d  t o  some l i m i t a t i o n  r e s u l t i n g  f rom mass t r a n s p o r t  cons idera t ions ,  as i n  t h e  
case of - vapor + l i q u i d  + s o l i d  (V.L.S.) c r y s t a l  growth. I n  a s i m i l a r  way, i t  
i s  p o s s i b l e  t h a t  heat  t r a n s p o r t  can be neglected, and t h e  s i t u a t i o n  be e n t i r e l y  
c o n t r o l l e d  b y  mass t r a n s p o r t  o r  k i n e t i c  e f f e c t s  - as i n  t h e  case of s low g lass  
c r y s t a l l i z a t i o n .  I n  general ,  a l l  t h r e e  aspects of t h e  c r y s t a l l i z a t i o n  process, 
heat  t r a n s p o r t ,  mass t r a n s p o r t  and i n t e r f a c e  k i n e t i c s  must be assessed. 
The n u c l e a t i o n  process i t s e l f  is o f t e n  dominated by t h e  presence of i m p u r i t y  
n u c l e a t i o n  centers ,  which prevent  t h e  occurrence of s u b s t a n t i a l  supercool  i n g  o r  
s u p e r s a t u r a t i o n .  On occasion however, s i t u a t i o n s  can be c o n t r i v e d  where these 
c e n t e r s  a r e  e s s e n t i a l l y  absent and n u c l e a t i o n  occurs by growth f r o m  l a r g e  
c l u s t e r s  of atoms and molecules a r i s i n g  b y  molecu la r  f l u c t u a t i o n s .  Th is  i s  
homogeneous n u c l e a t i o n  of t h e  substance b y  i t s e l f  as opposed t o  heterogeneous 
n u c l e a t i o n  b y  i m p u r i t y .  
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I n  p r a c t i c e ,  exper imenta l  techniques f o r  t h e  s t u d y  of t h i s  process c o n v e n i e n t l y  
f o l l o w  f r o m  t h e  s imple process of t a k i n g  smal le r  and s m a l l e r  samples u n t i l  t h e  
p r o b a b i l i t y  of hav ing i m p u r i t y  induced heterogeneous n u c l e a t i o n  i s  reduced t o  
i n s i g n i f i c a n t  l e v e l s .  Nature e f f e c t s  t h i s  technique v e r y  e f f e c t i v e l y  i n  c louds 
i n  t h e  atmosphere, which c o n s i s t  of water  d r o p l e t s  some 10 rn diameter,  many of 
which can supercool  t o  temperatures near - 4OoC, t o  f r e e z e  by homogeneous nuc le-  
a t i o n  (Mason, 1971). Th is  s i t u a t i o n  i s  opposed t o  t h a t  of f r e e z i n g  of a bucket 
of water which r e a d i l y  occurs a t  l e s s  than a few degrees of supercoo l ing  by t h e  
chance occurrence somewhere throughout  t h e  volume of one i m p u r i t y  nucleus. 
S i m i l a r  c o n s i d e r a t i o n s  app ly  f o r  t h e  s o l i d i f i c a t i o n  of a l l  substances. A second 
c o m p l i c a t i o n  a r i s e s  i n  t h e  f r e e z i n g  of l a r g e  volumes i n  t h a t  secondary c r y s t a l s  
may be produced i n  a s s o c i a t i o n  w i t h  t h e  p r i m a r y  growth. These c r y s t a l s  grow and 
a r e  t r a n s p o r t e d  t o  p laces elsewhere i n  t h e  m e l t  e i t h e r  by induced f l u i d  f l o w  o r  
because of t h e i r  own buoyancy. I n  f r e e z i n g  r i v e r s ,  these secondary c r y s t a l s  a re  
r e a d i l y  v i s i b l e  as l a r g e  numbers of " f r a z i l "  i c e  d i s c s  (Daly, 1984), which 
r e s u l t  i n  a complex p o l y c r y s t a l l i n e  s t r u c t u r e  of a f r o z e n  m e l t  even though i t s  
f r e e z i n g  may have been i n i t i a t e d  b y  a s i n g l e  c r y s t a l  ( E s t r i n ,  1975). S i m i l a r  
phenomena and c r y s t a l  t e x t u r e s  occur i n  c r y s t a l  1 i z i n g  metal  i n g o t s  (O'Hara and 
T i l l e r ,  1967; Garabedian and Str ick land-Constable,  1974). A f u r t h e r  compl i c a -  
t i o n  a r i s e s  a t  v e r y  l a r g e  supercoo l ing  when n u c l e a t i o n  of new c r y s t a l  o r i e n t a -  
t i o n s  may occur  on a c r y s t a l  a l r e a d y  growing t o  g i v e  a p o l y - c r y s t a l l i n e  
s t r u c t u r e  b y  q u i t e  a d i f f e r e n t  p h y s i c a l  process (Hal l e t t ,  1964; Knight ,  1971), 
e l e c t r i c a l  e f f e c t s  may enhance t h e  process (Evans, 1973). 
The c o n s i d e r a t i o n s  o u t l i n e d  above can r e a d i l y  be c a r r i e d  over  t o  c r y s t a l l i -  
z a t i o n  of o t h e r  systems. For example, i c e  and s i l i c o n  have much i n  common ( b o t h  
expand on f r e e z i n g ) ,  and t h e  i n i t i a l  c r y s t a l l i z a t i o n  and subsequent f r e e z i n g  of 
l i q u i d  drops have s i m i l a r i t i e s  i n  s p i t e  of t h e  d i f f e r e n c e  of m e l t i n g  tempera- 
t u r e .  
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I n v e s t i g a t i o n s  of these phenomena may be g r e a t l y  f a c i l i t a t e d  b y  s tudy  i n  an 
environment of low g r a v i t y .  P a r t i c l e s  of one phase i n  another  a re  u s u a l l y  of 
d i f f e r e n t  d e n s i t i e s ,  and sediment b y  buoyancy. While suspension on f i b e r s  o r  a 
s u b s t r a t e  i s  p o s s i b l e  t o  a v o i d  sedimentat ion i n  a g r a v i t y  environment, such sur-  
f aces l e a d  bo th  t o  undes i rab le  n u c l e a t i o n  s i t e s  and t o  a d d i t i o n a l  heat t r a n s p o r t  
d u r i n g  growth. Second, n a t u r a l  convec t ion  occurs around p a r t i c l e s  of  d i f f e r e n t  
phase because of t h e  d e n s i t y  d i f f e r e n t i a l s  r e s u l t i n g  f rom mass and temperature 
g r a d i e n t s  i n  t h e  f l u i d  i t s e l f  (Car ru thers ,  1976; H a l l e t t  and Wedum, 1978; Chen 
e t  al . ,  1979). I n  h i g h  g r a v i t y ,  t h i s  mot ion enhances bo th  mass and heat 
t r a n s f e r ,  and l o c a l  f l u i d  shears may l e a d  t o  c r y s t a l  f ragmenta t ion .  
I n  t h e  complete absence of f l u i d  mot ion,  w i t h  t r a n s p o r t  o c c u r r i n g  e n t i r e l y  
b y  molecu la r  processes, i n s t a b i l i t i e s  develop which i n t e r a c t  w i t h  t h e  c r y s t a l -  
l o g r a p h i c  a n i s o t r o p y  and l e a d  t o  growth i n  non-spher ica l  o r  non-cy1 i n d r i c a l  
shape ( M u l l i n s  and Sekerka, 1963). I n  t h i s  case t h e  h i g h e r  o r d e r  s o l u t i o n s  of 
t h e  Lap lac ian  of a s p h e r i c a l  o r  t h e  e q u i v a l e n t  f o r  a c y l i n d r i c a l  d i f f u s i o n  f i e l d  
r e i n f o r c e  p e r i o d i c  v a r i a t i o n s  i n  t h e  c r y s t a l  symmetry. Such i n s t a b i l i t i e s  a r e  
changed f u r t h e r  by f l u i d  mot ion (Glicksman e t  al., 1984; Fang e t  a l . ,  1985; 
Glicksman e t  al., 1986) i n d u c i n g  p e r i o d i c i t i e s  d i f f e r e n t  f.rom or  superimposed on 
t h o s e  of t h e  c r y s t a l  s t r u c t u r e  i t s e l f .  S i m i l a r l y ,  hydrodynamic i n s t a b i l i t y  of 
boundary l a y e r  f l u c t u a t i o n s  when an imposed f l u i d  f l o w  i s  p resent  may l e a d  t o  
f l u c t u a t i o n  i n  i m p u r i t y  c o n c e n t r a t i o n  (Car ru thers ,  1976). I n  t h e  same way growth 
of  a f a l l i n g  c r y s t a l  w i l l  be i n f l u e n c e d  by b o t h  n a t u r a l  convec t ion  of t h e  en- 
v i ronment  because of f l u i d  d e n s i t y  d i f f e r e n c e s  r e s u l t i n g  f r o m  i t s  growth, and 
i t s  own f a l l  v e l o c i t y .  The u l t i m a t e  c r y s t a l l i n e  s t r u c t u r e  of a f r o z e n  m e l t  o r  
an aggregat ion of c r y s t a l s  grown f r o m  t h e  vapor such as a snow pack, and i t s  
mechanical and e l e c t r i c a l  c h a r a c t e r i s t i c s  w i l l  be d r a m a t i c a l l y  i n f l u e n c e d  b y  t h e  
d e t a i  1 of these parameters. 
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The u l t i m a t e  s t r u c t u r e  of t h e  whole aggregate - f r o z e n  m e l t  or '  snow pack 
depends on two d i s t i n c t  processes. The i n i t i a l  processes r e s u l t  f r o m  c r y s t a l  
growth and c r y s t a l  mot ion and sedimentat ion.  The second process r e s u l t s  f r o m  
heat  t r a n s p o r t  a t  t h e  per iphery .  A supercooled m e l t  begins c r y s t a l l i z a t i o n  by 
d e n d r i t e  p ropagat ion  throughout  t h e  volume, f r e e z i n g  a smal l  f r a c t i o n ;  f :  
* 
( a  = m e l t  s p e c i f i c  heat, L = f u s i o n  l a t e n t  heat )  f =  UAT L 
AT = supercoo l ing  
a t  small  supercool ing,  f o l l o w e d  b y  complete s o l i d i f i c a t i o n  f r o m  t h e  ou ts ide .  
T h i s  may o r  may no t  be symmetr ical ,  depending on t h e  symmetry of t h e  heat l o s s  
a t  t h e  o u t s i d e  w a l l  s.  P r i o r  t o  complete so l  i d i f  i c a t i o n ,  bouyant f 1 u i d  mot ion 
may occur w i t h i n  t h e  mush, depending on t h e  c e l l  s i z e  (Powers e t  al . ,  1985, 
Huppert and Worster, 1985). Both stages may g i v e  r i s e  t o  i m p u r i t y  d i s t r i b u t i o n  
and segregat ion  which lead t o  a complex s t r u c t u r e ;  i n  t h e  case of a substance 
which expands on f r e e z i n g  (as i c e  o r  s i l i c o n )  i n t e r n a l  pressures o f t e n  l e a d  t o  
e j e c t i o n  of m e l t  as a s p i k e  and p o s s i b l y  mechanical f r a c t u r e .  I n  t h e  atmosphere 
o r  i n  a shot tower t h i s  can l e a d  t o  drops of s imple o r  complex s t r u c t u r e  de- 
pending on t h e  c o n d i t i o n s .  The d e t a i l e d  s t r u c t u r e  of such f r o z e n  drops has 
i m p l i c a t i o n  i n  t h e  use of s o l i d i f i e d  f r o z e n  metal  d r o p l e t s  when used, f o r  
example, a s  t h e  b a s i s  of materia l  f o r  powder meta l lurgy  or  s o l a r  c e l l s .  
T h i s  r e p o r t  descr ibes  exper iments performed i n  t h e  l a b o r a t o r y  and i n  a gra- 
v i t y  environment c o n t r o l l e d  by a maneuver of a KC135 a i r c r a f t .  Experiments u t i -  
l i z e  s h o r t  (20s )  per iods  of low g i n  a p a r a b o l i c  t r a j e c t o r y  and h i g h e r  (1.8) g 
i n  p u l l o u t  over  a somewhat l o n g e r  per iod.  
ments which can u n i q u e l y  u t i l i z e  l o n g  per  
t i o n  o r  s h u t t l e  environment t o  enhance 
convec t ion  i n  c r y s t a l  growth. 
The s t u d i e s  f o r m  a bas is  f o r  e x p e r i -  
ods of low g a v a i l a b l e  on space s t a -  
our  understanding of t h e  r o l e  of 
6 
2. EXPERIMENTAL. 
a. The systems: Two q u i t e  d i s t i n c t  systems have been u t i l i z e d  t o  s t u d y  growth 
of  dendr i tes :  
i. A volume of l i q u i d  i s  u n i f o r m l y  supercooled (supersa tura ted)*  w i t h  respec t  
t o  t h e  s o l i d  phase. Th is  i s  achieved b y  t a k i n g  a tank of volume 10 t o  
1000 m l ,  and c o o l i n g  i t  t o  a u n i f o r m  temperature,  such t h a t  n u c l e a t i o n  does - 
n o t  occur. U n i f o r m i t y  of temperature,  i n v e s t i g a t e d  by a probe t r a v e r s i n g  t h e  
volume i s  un i fo rm t o  - + 0.1OC i n  these experiments. Nuc lea t ion  i s  achieved i n  
two ways. I n  t h e  f i r s t  case, a s i n g l e  c r y s t a l  of known o r i e n t a t i o n  i s  s l o w l y  
i n s e r t e d  i n t o  t h e  upper sur face  of t h e  l i q u i d ;  t h e  subsequent growth takes 
p l a c e  downwards i n t o  t h e  l i q u i d  and may be s i n g l e  c r y s t a l l i n e ,  isomorphic  
w i t h  t h e  n u c l e a t i n g  c r y s t a l ,  or p o l y c r y s t a l l i n e  depending on t h e  temperature.  
I n  t h e  second case, n u c l e a t i o n  i s  achieved b y  moving a smal l  c r y s t a l  or a 
l i q u i d  n i t r o g e n  cooled w i r e  a long a narrow tube which has one end above t h e  
l i q u i d  s u r f a c e  and ends i n  t h e  b u l k  of t h e  l i q u i d .  C r y s t a l s  grow f r o m  t h e  
t u b e  t i p  i n t o  t h e  l i q u i d ,  and may be s i n g l e  o r  p o l y c r y s t a l l i n e  depending on 
t h e  n u c l e a t i o n  process and t h e  amount of supercool i ng (F ig .  1) .  
FOOTNOTE: S t r i c t l y  "supercooled" r e f e r s  t o  t h e  temperature d i f f e r e n c e  between 
t h e  a c t u a l  temperature and t h e  equi  1 i b r i  um c r y s t a l  -1 i q u i d  temperature;  super- 
s a t u r a t e d  r e f e r s  t o  t h e  r a t i o  of excess c o n c e n t r a t i o n  t o  e q u i l i b r i u m  con- 
c e n t r a t i o n  a t  t h e  l i q u i d  temperature ( e q u i v a l e n t  t o  r e l a t i v e  h u m i d i t y  f o r  water 
vapor) .  Convent ion uses supercoo l ing  f o r  a pure l i q u i d ,  and t h e  so lvent ,  ( f o r  
example i c e  growth i n  supercooled NaCl s o l u t i o n )  s u p e r s a t u r a t i o n  f o r  a vapor o r  
s o l u t e  ( f o r  example, NaCl c r y s t a l s  growing i n  a supersa tura ted  NaCl s o l u t i o n ) .  
Any s o l u t i o n  has t h e  c a p a b i l i t y  of be ing  supercooled w i t h  respect  t o  t h e  s o l v e n t  
and supersaturated w i t h  respect  t o  t h e  so lu te .  It could,  i n  p r i n c i p l e  a l s o  be 
superheated w i t h  respect  t o  b o i l i n g  a t  t h e  same t i m e  ( H a l l e t t ,  1968). 
* 
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Fig.  1. a, b Conta iners f o r  i n v e s t i g a t i n g  c r y s t a l l i z a t i o n  of u n i f o r m l y  
supercooled l i q u i d s .  Nuc lea t ion  i s  achieved by i n j e c t i n g  a 
c o l d  w i r e  or a seed c r y s t a l  i n t o  t h e  narrow p l a s t i c  tube. 
The l a r g e r  c o n t a i n e r  ( b )  enables t h e  growing c r y s t a l  t o  be 
moved a t  a f i x e d  v e l o c i t y  up t o  0.5 cm s - l  r e l a t i v e  t o  t h e  
1 i q u i d .  Volume ( a )  10 m l  , ( b )  100 m l  . 
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ii. Steady s t a t e  s u p e r s a t u r a t i o n  i n  a vapor can r e a d i l y  be achieved by u s i n g  a 
thermal  d i f f u s i o n  chamber. T h i s  comprises two h o r i z o n t a l  p a r a l l e l  f l a t  
p l a t e s ,  bo th  covered u n i f o r m l y  w i t h  t h e  m a t e r i a l  be ing s tud ied.  The upper 
p l a t e  i s  mainta ined a t  a h i g h e r  temperature compared w i t h  t h e  lower  p l a t e .  
S ince t h e  vapor d e n s i t y  g r a d i e n t  between t h e  p l a t e s  i s  approx imate ly  l i n e a r  
and t h e  s a t u r a t e d  vapor d e n s i t y  (Clausius-Clapeyron r e l a t i o n )  approx imate ly  
exponent ia l ,  t h e  mid- reg ion  of t h e  chamber becomes supersaturated,  w i t h  a 
maximum j u s t  below t h e  center .  Th is  va lue  can be c a l c u l a t e d  i n  a s i t u a t i o n  
where a l l  aerosol  and o t h e r  growth s i t e s  a r e  absent (Fig.  2a). C r y s t a l s  
r e a d i l y  grow on a narrow v e r t i c a l  rod  i n  t h i s  region. Th is  may r e q u i r e  be ing  
coo led  w i t h  l i q u i d  n i t r o g e n  t o  n u c l e a t e  t h e  c r y s t a l s ,  which grow r a d i a l l y  
outwards. C r y s t a l s  o r i e n t e d  a t  90" t o  t h e  support  e v e n t u a l l y  o u t s t r i p  t h e  
o t h e r s  t o  g i v e  w e l l  def ined,  i n d i v i d u a l  s i n g l e  c r y s t a l s .  The chamber des ign 
i s  such t h a t  w a l l  e f f e c t s  ( b o t h  thermal and c o n c e n t r a t i o n )  must be unimpor- 
t a n t  i n  t h e  c e n t e r  r e g i o n  where c r y s t a l s  grow. T h i s  r e q u i r e s  an aspect  r a t i o ,  
w i d t h :  h e i g h t  > 7 : l .  [Katz  and Mi rabe l ,  19753 Fig.  2b. 
I n  each case c r y s t a l  growth i s  recorded b y  c i n e  camera or VCR, us ing  a l o n g  
work ing  d i s t a n c e  o p t i c a l  system. 
b. V e n t i l a t i o n  
The e f f e c t  of f l u i d  f l o w  on growth r a t e  i n  these systems may be i n v e s t i g a t e d  
i n  severa l  ways. I n  t h e  case of t h e  growth of  d e n d r i t e s  i n  s o l u t i o n s  i t  i s  con- 
v e n i e n t  t o  move t h e  d e n d r i t e s  w i t h  respec t  t o  t h e  s t a t i o n a r y  s o l u t i o n .  T h i s  i s  
achieved i n  p r a c t i c e  b y  moving t h e  tube and d e n d r i t e s  immediate ly  a f t e r  nuc le-  - 
a t i o n  b y  a screw t r a n s p o r t  (F ig .  l b ) .  I n  t h e  case of t h e  d i f f u s i o n  chamber, 
v e n t i l a t i o n  may be achieved b y  making t h e  chamber p a r t  of a wind tunnel  
(F ig .  2c) such t h a t  a i r  moves i n  a c losed l o o p  h o r i z o n t a l l y ,  t h e  upstream l e n g t h  
o f  t h e  chamber be ing  l o n g  enough t o  achieve e q u i l i b r i u m  of t h e  vapor d e n s i t y  and 
temperature pro f  i 1 e between t h e  p l  a t e s  (Kel  1 e r  and Hal 1 e t t  , 1982). 
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Thermal d i f f u s i o n  chamber f o r  i c e  c r y s t a l  growth f r o m  vapor 
Fig' ( a )  under c o n t r o l l e d  temperature,  and supersa tura t ion .  T y p i c a l  
temperature and s u p e r s a t u r a t i o n  p r o f i l e s  
A 0.59OC mn-1 B 0.47OC m m - l  C 0.37OC m m - l  
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Thermal d i f f u s i o n  chamber f o r  i c e  c r y s t a l  growth f rom vapor 
under c o n t r o l l e d  temperature,  and supersa tura t ion .  
F ig .  2c The dynamic chamber f o r  c o n t r o l l e d  v e n t i l a t i o n  a t  v e l o c i t i e s  
up t o  van s-1. 
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F l u i d  mot ion a l s o  occurs by buoyant convec t ion  i n  low g. This  may t a k e  p l a c e  
f r o m  t h e  d e n d r i t e s  themselves, s i n c e  these grow f r o m  t h e  ambient f l u i d  and g i v e  
r i s e  t o  l o c a l  c o n c e n t r a t i o n  and temperature g r a d i e n t s  and hence d e n s i t y  d i f f e r -  
ences. Mot ion may a l s o  occur  f r o m  t h e  w a l l s  i n  t h e  thermal d i f f u s i o n  chamber, 
s i n c e  i n  p r a c t i c e ,  these w a l l s  need t o  be mainta ined s l i g h t l y  warmer than t h e  
l i n e a r  temperature g r a d i e n t  imposed a t  t h e  chamber c e n t e r  t o  p revent  c r y s t a l  
growth on t h e  v iewing  windows. 
I n  t h e  case of an imposed mot ion,  v e l o c i t y  can be measured d i r e c t l y .  The 
c r y s t a l  o r i e n t a t i o n  w i t h  respect  t o  t h e  mot ion can a l s o  be s e l e c t e d  by r o t a t i n g  
o r  t i l t i n g  t h e  rod o r  tube. The e f f e c t  of se l f - induced convec t ion  can o n l y  be 
i n v e s t i g a t e d  under s p e c i f i c  c o n d i t i o n s .  It i s  i m p r a c t i c a b l e  t o  use p a r t i c l e  
t r a c e r s  f o r  f l u i d  f l o w  v i s u a l i z a t i o n  ( u s i n g  f o r  example a Doppler v e l o c i m e t e r )  
s i n c e  p a r t i c l e s  w i l l  have unknown e f f e c t s  on t h e  c r y s t a l  growth. R e f r a c t i v e  
i n d e x  d i s c o n t i n u i t i e s  can be v i s u a l i z e d  u s i n g  S c h l i e r e n  o p t i c s  o r  a Mach Zender 
i n t e r f e r o m e t e r ,  t h e  l i m i t a t i o n  here be ing  t h a t  t h e  e f f e c t  i s  i n t e g r a t e d  a long 
t h e  l i n e  of s i g h t  th rough t h e  s o l u t i o n ,  and depends on t h e  i n t e g r a t e d  r e f r a c t i v e  
i n d e x  change a long t h i s  pa th  be ing  g r e a t  enough. Such an arrangement can d i s p l a y  
t h e  o v e r a l l  d e n s i t y  ( r e f  r a c t i  ve index)  p a t t e r n s ,  and g i v e  v e l o c i t y  magnitude and 
d i r e c t i o n  should minor  p e r t u r b a t i o n s  i n  f l o w  occur. The e f f e c t  of t h e  f l o w  on 
growth can be i n v e s t i g a t e d  i n  a non-steady s t a t e  under c o n d i t i o n s  of low (0.05) 
g i n  KC135 parabola.  As soon as low g i s  reached, mot ions - b o t h  l o c a l l y  near 
- 
d e n d r i t e s  and o v e r a l l  mot ions f r o m  t h e  chamber w a l l s  would be 
o u t  w i t h  a t i m e  cons tan t  
n - dL d - system o r  d e n d r i t e  s i z e  
v - k inemat ic  v i s c o c i t y  - 9  V 
w i t h  growth c o n t i n u i n g  a f t e r .  - 5 . t ime cons tan ts  un in f luenced 
expected t o  d i e  
b y  any f u r t h e r  
mot ion.  
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c. V i s u a l i z a t i o n  
D e n s i t y  g r a d i e n t s  around a growing c r y s t a l  can be v i s u a l i z e d  th rough t h e  
assoc ia ted  g r a d i e n t  of r e f r a c t i v e  index. A s imple techn ique uses a S c h l i e r e n  
o p t i c a l  system (F ig .  3a). Two l a r g e  f o c a l  l e n g t h  m i r r o r s  produce a p a r a l l e l  
beam through t h e  growth reg ion,  w i t h  a p o i n t  a rc  lamp as source, and a k n i f e  
edge a t  t h e  focus.  With u n i f o r m  medium i n  t h e  path, no l i g h t  passes beyond t h e  
k n i f e  edge; r e f r a c t i v e  index g r a d i e n t s  d e f l e c t  t h e  l i g h t  t o  g i v e  b r i g h t  reg ions 
where t h e  e f f e c t  i s  g r e a t e s t  (Holden and North,  1956). From a c o n s i d e r a t i o n  of 
success ive sha l low l a y e r s  t h i c k n e s s  dz, r e f r a c t i v e  index change dn, f r o m  t h e  
environment no we can show t h a t  t h e  angu lar  d e v i a t i o n  i s  g iven approx imate ly  by 
L dn 
no Z - 
The a c t u a l  d e v i a t i o n  w i l l  depend on t h e  p r o f i l e  of E dn i n  t h e  d i r e c t i o n  of 
v i e w i n g  and w i l l  be represented b y  an i n t e g r a t i o n  over  L of t h e  above express ion.  
The geometry of t h e  l a y e r  i s  o b v i o u s l y  v e r y  impor tan t .  A f l a t  s lab  g ives  no 
d e v i a t i o n  t o  t h e  beam whereas a wedge w i l l  g i v e  a d e v i a t i o n  t o  be computed f r o m  
t h e  usual  r e l a t i o n  f o r  a prism, w i th ,  e i t h e r  a g r e a t e r  o r  lower  r e f r a c t i v e  index  
t h a n  t h e  environment. A b e t t e r  approx imat ion cou ld  be achieved w i t h  a p a r a b o l i c  
p r o f i l e  t o  represent  t h e  usual boundary l a y e r  shape. I n  t h e  exper iments t o  be 
descr ibed,  t h e  dimension of t h e  r e g i o n  i n f l u e n c e d  by t h e  growing c r y s t a l  i s  
- 1 mm. Taking t h e  spot s ize ,  d, f o r  a zero m a g n i f i c a t i o n  w i t h  i d e n t i c a l  m i r r o r s  
d as 3 mn, an e f f e c t  would be expected f o r  angu lar  d e v i a t i o n  of - 0.1' 
( f  = m i r r o r  f o c a l  l e n g t h  1.54 m i n  these exper iments).  Th is  g ives  - dn as 
dz 
- 10-3 mn-1. 
r e f r a c t i v e  l i m i t a t i o n  of plumes t h a t  can de tec ted  by t h i s  technique.  
T h i s  p rov ides  a p r a c t i c a l  lower  l i m i t a t i o n  t o  t h e  d e n s i t y  and hence 
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A more p r e c i s e  techn ique which i s  capable of d i r e c t  measurement of pa th  d i f -  
f e r e n c e  uses an i n t e r f e r o m e t e r  technique.  For a l a r g e  system (capable of ho lo-  
graph r e c o r d i n g )  t h e  Mach Zender i n t e r f e r o m e t e r  i s  se t  up t o  g i v e  p a r a l l e l  
i n t e r f e r e n c e  f r i n g e s  u s i n g  a monochromatic l i g h t  source, (Owen, 1982) (F ig .  3b). 
Gradients  of r e f r a c t i v e  index  are  manif e s t  as deformat ion of t h e  i n t e r f e r e n c e  
p a t t e r n .  The i n t e r f e r e n c e  techn ique was f i r s t  used b y  Humphries-Owen (1949) t o  
i n v e s t i g a t e  t h e  d i f f u s i o n  f i e l d  around a growing c r y s t a l  between o p t i c a l  f l a t s ;  
t h e  Mach Zender i n t e r f e r o m e t e r  g ives  a much g r e a t e r  work ing volume w e l l  sepa- 
r a t e d  f r o m  t h e  o p t i c a l  sur faces.  For a r e f r a c t i v e  index d i f f e r e n c e  of An over  a 
1 ength L f o r  t h e  one wavelength d i f f e r e n c e  between f r i n g e s  . 
h = wavelength of l i g h t .  
x 
L 
An = - 
I 
T h i s  g i v e s  An of 6.3 x f o r  h = 632.8 nm and L = 1 mm. 
. The d i f f e r e n c e  between f r i n g e s  can u s u a l l y  be reso lved t o  b e t t e r  than 1/10 
f r i n g e  width,  so i t  i s  c l e a r  t h a t  t h e  i n t e r f e r e n c e  techn ique i s  capable of con- 
s i d e r a b l e  p r e c i s i o n ;  t h e  i n h e r e n t  des ign compensates f o r  environmental  tem- 
p e r a t u r e  changes. The advantage of t h e  S c h l e i r e n  system i s  t h a t  i t  i s  v e r y  
s imp le  t o  set-up and record,  no t  t o o  s e n s i t i v e  t o  v i b r a t i o n s  and l o c a l  a i r  con- 
I 
v e c t i o n  c u r r e n t s ;  i t  g ives  a l a r g e  f i e l d  of view, a l though o n l y  a q u a l i t a t i v e  
p i c t u r e  of t h e  convec t ion  process. I n  these s tud ies ,  t h e  S c h l i e r e n  system was 
used i n  t h e  l a b o r a t o r y ,  and t h e  NASA Mach Zender system i n  t h e  KC135 s tud ies .  
3. THEORETICAL CONSIDERATIONS. 
a. Thermal and mass balance. 
Some i n s i g h t  i n t o  t h e  d e n s i t y  d i f f e r e n c e s  surrounding growing c r y s t a l s  can 
be ob ta ined b y  a s imple heat balance ana lys is .  Th is  has been examined i n  
d e t a i l  b y  O'Hara and Reid (1973) f o r  s o l u t i o n  and Mason (1971) f o r  vapor 
growth . 
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Consider a s p h e r i c a l  c r y s t a l  growing f r o m  a supercooled o r  supersa tura ted  
e n v i  ronment. Heat t r a n s p o r t  can be represented b y  
. . e .  
Where r. cr -ys ta l  rad ius .  which can be rep laced b y  e l e c t r o s t a t i c  
capaci tance f o r  non-spher i  c a l  shapes 
T, T,, sur face  temperature (considered un i fo rm)  and 
e n v i  ronmental temperature 
K, thermal c o n d u c t i v i t y  of t h e  env i  ronment 
FH, enhancement b y  f l u i d  mot ion 
and mass t r a n s p o r t  by 
- dm = + 4nr D(ps-p,) FM 
d t  
D, d i f f u s i o n  c o e f f i c i e n t  
ps,  pa, 
FM, enhancement by f 1 u i d  mot ion 
s u r f a c e  d e n s i t y  (cons idered un i fo rm)  and e n v i r  
A s  a f i r s t  approximat ion,  we assume t h a t  ps, and Ts a r e  a t  
. I  
. . . . .  2 
nment 1 d e n s i t y  
equi 1 i b r i  urn and 
g i v e n  by t h e  Clausius-Clapeyron equat ion.  The equat ions i g n o r e  c r y s t a l -  
l o g r a p h i c  and k i n e t i c  e f f e c t s ,  which g i v e  a n i s o t r o p y  and i n v a l i d a t e  t h e  
above assumption of e q u i l i b r i u m .  
Under s teady s t a t e  c o n d i t i o n s ,  t h e r e  i s  a balance between outward heat 
t r a n s p o r t  and l a t e n t  heat re leased by growth: 
dm dQ L - = -  
d t  d t  . . . . . .  . 3  
where L i s  t h e  a p p r o p r i a t e  l a t e n t  heat. 
T h i s  g i v e s  
w i t h  FH = FM = 1 f o r  mo lecu la r  processes w i t h o u t  motion. 
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It i s  convenient t o  examine t h e  s o l u t i o n  of t h e  equat ions g r a p h i c a l l y  
(F ig .  4). The f u l l  l i n e  here represents  t h e  e q u i l i b r i u m  r e l a t i o n  between t h e  
concent r a t i o n  ( s o l  u t i  on) and vapor d e n s i t y  (gas). The p o i  n t  T,, p, represents  
t h e  env i  ronmental c o n d i t i o n s ,  which a r e  assumed t o  remain unchanged d u r i n g  t h e  
exper iment.  Equat ion ( 4 )  represents  t h e  equat ion  of a s t r a i g h t  l i n e ,  which 
passes through t h i s  p o i n t  and i n t e r c e p t s  t h e  curve a t  Ts, ps t h e  surface condi -  
t i o n s  of t h e  c r y s t a l .  Extreme cases a r i s e  f o r  small  d i f f u s i o n  c o e f f i c i e n t  
LD << K, making t h e  l i n e  n e a r l y  v e r t i c a l  - t h e r e  i s  no s i g n i f i c a n t  inc rease of 
temperature;  d e n s i t y  d i f f e r e n c e  i s  g iven  d i r e c t l y  by ps (T,) - p, (F ig .  4 ) .  For 
l a r g e  LD >> K on t h e  o t h e r  hand and f o r  a pure m a t e r i a l ,  t h e  s lope approaches 
zero,  and t h e  s u r f a c e  temperature increases t o  t h a t  where t h e  vapor pressure i s  
c l o s e  t o  t h a t  of t h e  environment, which l i m i t s  t h e  r a t e  of growth. 
For  i c e  c r y s t a l s  growing from t h e  vapor i n  a i r  a t  1 atmosphere, LD = K so 
t h a t  t h e  s u r f a c e  temperature l i e s  somewhere between. I n  p r a c t i c e  t h e  s u r f a c e  
temperature of t h e  growing c r y s t a l  i s  a l s o  i n f l u e n c e d  b y  t h e  e f f e c t i v e  c u r v a t u r e  
t h r o u g h  t h e  K e l v i n  e f f e c t  and t h e  molecu la r  k i n e t i c s  of t h e  sur face.  These are  
o r i e n t a t i o n  dependent f o r  a c r y s t a l  which i m p l i e s  t h a t  t h e  a c t u a l  growth r a t e  
and sur face  temperature a r e  o r i e n t a t i o n  dependent which r e q u i r e s  a much deeper 
l e v e l  of  a n a l y s i s  and i s  c u r r e n t l y  an impor tan t  t o p i c  i n  c r y s t a l  growth [Huang 
and Glicksman, 1981a,b; Glicksman, 1984; Laxmanan, 1985 a,b,c; Tewari and 
Laxmanan, 19873. S t r i c t l y ,  t h i s  a n a l y s i s  i s  a p p l i c a b l e  t o  a s o l i d  sphere, and 
t o  a f i r s t  approx imat ion a d e n d r i t e  t i p  and t h e  l o c a l  f l u i d  can be so consid-  
ered. The a n a l y s i s  cannot be a p p l i e d  d i r e c t l y  t o  an array of d e n d r i t e s ,  where 
l i q u i d  between t h e  d e n d r i t e s  i s  heated towards t h e  e q u i l i b r i u m  p o i n t .  Under 
t h e s e  c o n d i t i o n s ,  t h e  environmental  temperature r i s e s  s u c c e s s i v e l y  as c r y s t a l  
growth cont inues  through t h e  b u l k  of t h e  l i q u i d  (F ig .  5) u n t i l  i t  approaches t h e  
e q u i l i b r i u m  p o i n t  and c r y s t a l l i z a t i o n  ceases ( a d i a b a t i c  c r y s t a l l i z a t i o n ) .  
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Fig. 5 Increase of Temperature w i t h  Time dur ing Adiabatic Crystal1 i z a t i o n  of 
Sodium Sul fa te decahydrate from solut ion. Trace of temperature 
recorded by thermocouple shown i n  Fig. la. C r y s t a l l i z a t i o n  appeared 
complete a f t e r  2 minutes, but f i n a l  temperature was not reached u n t i  1 
4 minutes l a te r .  
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I n  t h e  case of growth i n  a pure l i q u i d ,  l a t e n t  heat f r o m  t h e  growth of an 
i n d i v i d u a l  d e n d r i t e  passes i n t o  t h e  environment t o  i n h i b i t  t h e  growth of neigh- 
b o r i n g  c r y s t a l s ,  g i v i n g  r i s e  t o  a s p e c i f i c  d e n d r i t e  and d e n d r i t e  arm separat ion.  
Under these c o n d i t i o n s ,  a mushy system ensues ( c a l l e d  spongy i c e  f o r  water )  i n  
which a f r a c t i o n  1 - - remains l i q u i d  and i n  which t h e  temperature has 
r i s e n  t o  a va lue approaching To, coming t o  e q u i l i b r i u m  a t  a mean K e l v i n  r a d i u s  
o f  t h e  c r y s t a l s .  The e q u i l i b r i u m  temperature i n  t h i s  case ( i c e  - s o l u t i o n )  i s  
n o t  t h a t  of t h e  o r i g i n a l  s o l u t i o n ,  s ince, some i c e  has formed and r e j e c t e d  i o n s  
t o  g i v e  a h i g h e r  concent ra t ion ,  and a corresponding f u r t h e r  l o w e r i n g  of t h e  
e q u i l i b r  um temperature (F ig .  6 ) .  It i s  c l e a r  t h a t  t h e  t i m e  f o r  t h i s  c r y s t a l l i -  
z a t i o n ,  (as i c e  i n  water  or s o l u t i o n )  i s  much s h o r t e r  than f o r  sodium s u l f a t e  
( F i g .  6) .  Th is  demonstrates t h e  r o l e  of c r y s t a l  k i n e t i c s  d u r i n g  so l  i d i f  i c a t i o n ;  
t h e r e  i s  e v i d e n t l y  a r a t e  l i m i t i n g  process f o r  decahydrate growth a t  a few 
degrees supercoo l ing  (growth on screw d i s l o c a t i o n s )  which i s  absent f o r  i c e  
growth (g rowth  on a m o l e c u l a r l y  rough sur face) .  Temperature changes over a l o n g  
t i m e  (1000 s )  on t h e  s c a l e  of 0.01OC r e s u l t  f r o m  changes of e q u i l i b r i u m  r a d i i  of 
t h e  c r y s t a l s  (Glicksman and Voorhees, 1985). If such a system i s  l a r g e  (a  magma 
chamber, a supercooled tank  o r  l a k e )  t h e  i n t e r i o r  reg ions  may be i s o l a t e d  t h e r -  
m a l l y  and d i f f u s i o n a l l y  f o r m  t h e  ou ts ide ,  t h e  mechanical s t r u c t u r e  of t h e  c r y s -  
t a l s  i n h i b i t i n g  s i g n i f i c a n t  f l u i d  mot ions when t h e  i n t e r s t i c e  s i z e  i s  smal l .  I n  
t h e  case of growth f r o m  a pure vapor, ( d e n s i t y  - l i q u i d )  t h e  ambient vapor 
p resure  can l i e  below o r  above t h a t  of t h e  t r i p l e  p o i n t .  I n  t h e  fo rmer  case, 
growth may occur i n  s k e l e t a l  c r y s t a l  form, s i m i l a r  t o  t h e  l i q u i d  b u t  a t  a much 
s lower  r a t e ;  i n  t h e  l a t t e r  case t h e  c r y s t a l  sur face temperature can r i s e  by 
re leased l a t e n t  heat above t h e  t r i p l e  p o i n t  and a l l  c r y s t a l s  mel t .  
I n  summary, t h e  c r y s t a l l i z a t i o n  of a v a p o r / l i q u i d  i s  l i m i t e d  by t h e  presence 
The d e n s i t y  excess 
L f  
of a d i f f u s i n g  medium and b y  t h e  way i n  which c r y s t a l s  grow. 
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F ig .  6 Inc rease of temperature f o l l o w i n g  a d i a b a t i c  c r y s t a l l i z a t i o n  of i c e  
f rom NaCl s o l u t i o n .  Note t h a t  t h e  i n i t i a l  temperature of t h e  so lu -  
t i o n  i s  0.25OC below t h a t  of t h e  e q u i l i b r i u m  temperature of t h e  o r i -  
g i n a l  s o l u t i o n ,  r e s u l t i n g  f rom s o l u t e  r e j e c t i o n  d u r i n g  i c e  c r y s t a l  
growth. 
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around t h e  growing t i p s  cannot be computed f r o m  f i r s t  p r i n c i p l e s ,  s ince  e s t i -  
ma t ing  t h e  feedback of t h e  environmental  c o n d i t i o n s  on t h e  shape and k i n e t i c s  of 
t h e  c r y s t a l s  i s  beyond ou r  c u r r e n t  ' a b i l i t y .  The s t u d i e s  repo r ted  here are 
designed t o  i n v e s t i g a t e  some aspects of t h e  growth systems from t h e  v iewpo in t  of 
g i v i n g  i n s i g h t  i n t o  t h e  phys i ca l  parameters of importance. 
b .  Role of f l u i d  mot ion i n  c r y s t a l  growth. 
When a phase change takes place, w i t h  one o r  bo th  phases a f l u i d ,  d e n s i t y  
d i f f e r e n c e s  i n  t h e  f l u i d  r e s u l t i n g  e i t h e r  f rom changes of composi t ion o r  d i f -  
f e rences  of temperature th rough l a t e n t  heat release, as descr ibed i n  t h e  l a s t  
s e c t i o n ,  lead t o  l o c a l  buoyant convect ion.  I n  a d d i t i o n ,  more organized mot ion  
may e x i s t  which r e s u l t s  from an o v e r a l l  d r i v i n g  f o r c e  - f o r  example d e n d r i t e s  
grow i n t o  a c o o l i n g  m e l t  w i t h  an o v e r a l l  c e l l u l a r  c i r c u l a t i o n  of t h e  dimension 
o f  t h e  m e l t  induced by  c o o l i n g  a t  t h e  upper i n t e r f a c e  ( G i l p i n ,  1976). 
I n  general ,  t h e  onset of  convec t ion  i s  g i ven  by  t h e  Ra le igh  number, 
i s  t h e  buoyancy in a system diameter d, thermal - 2  where, &?! 
KV P 
Ra = 
P 
d i f f  u s i v i t y  K, and k inemat ic  v i s c o s i t y  V. Th is  parameter represents  t h e  r a t i o  
o f  buoyant and v iscous  f o r c e s  i n  a f l u i d  such t h a t  a pa rce l  of f l u i d  w i l l  t r a -  
ve rse  a d i s t a n c e  d b e f o r e  s i g n i f i c a n t  d i f f u s i o n  of heat and momentum t o  t h e  
e n v i  ronment takes place. For convec t ion  between h o r i z o n t a l  surfaces experimen- 
t a l  s t u d i e s  show t h a t  convec t ion  c e l l s  beg in  f o r  Ra > 650; f o r  a t i l t e d  o r  ver-  
t i c a l  su r face  some i n f l u e n c e  of convec t ion  would be expected f o r  values of 
Ra > 1 (Turner,  1973). 
I n  t h e  case of c r y s t a l s  growing i n  a f l u i d  t h e  i d e a l i z a t i o n  of a plane h o r i -  
zon ta l  sur face  i s  c l e a r l y  not  app l i cab le .  It i s  necessary t o  s p e c i f y  f i r s t  t he  
geometry of the  growth i n t e r f a c e  and t h e  assoc ia ted  buoyancy excess; t h e  work t o  
be descr ibed l a t e r  examines t h i s  problem exper imen ta l l y .  I n  t h e  case o f  n a t u r a l  
convect ion,  w i t h  a s p e c i f i e d  buoyancy excess, t h e  heat t r a n s f e r  can be r e l a t e d  
2 3  
Ra U t o  a Grashoff number, G r  =Pr ; (Pr  = Prandt l  number 
Nu, ( E  FH, FM,) s e l e c t e d  b y  dimensional  c o n s i d e r a t i o n s :  
and t h e  Nussel t  number 
Nu a Grv4 
For  f o r c e d  v e n t i l a t i o n  on t h e  o t h e r  hand w i t h  a p r e s c r i b e d  v e l o c i t y ,  t h e  
heat  t r a n s f e r  can be r e l a t e d  t o  a Reynolds number Re, 
Nu a Rev2 a V e l o c i t y v 2  
If we assume t h a t  a buoyant f o r c e  i s  balanced by t h e  drag f o r c e  f o r  l a r g e  
Reynolds number, w i t h  domi nant i n e r t  i a1 f o r c e s ,  we have: 
And3 Apg = 1/2 pU2 CD lrd2 . . . . .  5 3 
Hence, 
v 2  
u a 
where CD i s  t h e  drag c o e f f i c i e n t  of t h e  buoyant f l u i d  parce l .  
Converse1 y, f o r  smal 1 Reynolds number and domi nant  v iscous f o r c e s -  
. . . . .  6 
Apg 6 U a  o r  
lJ lJ 
Where 6 = f l o w  dimension - d c r y s t a l  dimension and M i s  t h e  f l u i d  v i s c o s i t y .  
From these dimensional  cons idera t ions ,  t h e  convec t ion  v e l o c i t y  dependence 
changes as t h e  i n d i v i d u a l  f l o w  becomes t u r b u l e n t .  I n  t h e  case of a n a t u r a l l y  
c o n v e c t i n g  system w i t h  i n c r e a s i n g  v e n t i l a t i o n ,  a general  r e l a t i o n s h i p  
Nu a Gr1/4 Rel/z 
would be expected i n  t h e  t r a n s i t i o n  regime 
One o t h e r  parameter of i n t e r e s t  i s  t h e  t i m e  cons tan t  f o r  i n i t i a t i o n  of a 
c o n v e c t i v e  plume. This  may be computed t o  s u f f i c i e n t  approx imat ion by assuming 
a coherent sphere ( r a d i u s  d )  of f l u i d  of a p p r o p r i a t e  excess d e n s i t y  s t a r t i n g  
f r o m  r e s t  a t  t h e  growing c r y s t a l .  For v iscous f o r c e  dominat ion t h i s  can be 
w r i t t e n  
24 
4 3  
dv = 6 n d V  - -md (P - pE)g 4 3  - - n d p  -
3 d t  3 
. . . . 7 
where V i s  t h e  changing v e l o c i t y  i n  t i m e  t, p,  pE d e n s i t y  of t h e  f l u i d  sur- 
rounding t h e  sphere and of t h e  environment, of v i s c o s i t y  p. The s o l u t i o n  g ives  
a v e l o c i t y  i n c r e a s i n g  e x p o n e n t i a l l y  t o  a l i m i t  
I w i t h  a t i m e  constant  
. . . . . . . s  
Approximate values a r e  shown i n  Table 1 f o r  d i f f e r e n t  s i t u a t i o n s .  Reynolds 
numbers are  computed f r o m  observed convec t ive  v e l o c i t i e s  and i n d i c a t e  a l a c k  of 
t u r b u l e n c e  i n  t h e  c o n v e c t i v e  phase. The smal l  values of Ra i n d i c a t e  no induced 
convec t ion  a t  a h o r i z o n t a l  sur face ;  however, convect ion o b v i o u s l y  occurs a t  a 
s l o p i n g  o r  v e r t i c a l  sur face  (Ra > 1)  when these c r i t e r i a  do n o t  apply ,  a l though 
l i t t l e  cou ld  be expected f o r  t h e  case of i c e  i n  a i r  f o r  s m a l l e r  c r y s t a l s  under 
I 
t h e  s p e c i f i c  c o n d i t i o n s  of Table 1. 
I 
I n  t h e  case of f l o w  a t  l a r g e r  buoyancy, g i v i n g  l a r g e r  v e l o c i t y  and h i g h e r  
Reynolds number we may w r i t e  
4 3  1 2 2  
--nd 3 ( p  - p,) g = 7 pU rrd CD . . , . 9  
where CD i s  an e m p i r i c a l  drag c o e f f i c i e n t  and a f u n c t i o n  of Reynolds number. 
t h i s  case 
I n  
. . . , , I O  
T h i s  i s  t o  be compared w i t h  t h e  d i r e c t  dependence on ( p  - p ) g f o r  v iscous 
f l o w .  
E 
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4 .  DIMENSIONAL AND PRACTICAL CONSIDERATIONS I N  CRYSTALLIZER DESIGN. 
a. D i f f u s i o n  chamber - steady s t a t e  system. 
A c r y s t a l  growing i n  t h e  c e n t e r  of t h e  chamber under c o n d i t i o n s  of these 
exper iments has a growth r a t e  up t o  10 vn s-1, and grows up t o  1 - 2 cm long. 
I n d i v i d u a l  c r y s t a l s  a re  s e l e c t e d  f o r  measurements, growing h o r i z o n t a l  l y :  excess 
c r y s t a l s  may be removed by shaking and once one c r y s t a l  i s  ahead of t h e  o thers ,  
i t  i s  f a v o r e d  f o r  growth. The chamber achieves steady s t a t e ,  once t h e  temper- 
a t u r e s  are  s e t  w i t h  t i m e  cons tan t  
2 
TH - - X 
K 
Where K i s  t h e  water  vapor o r  thermal d i f f u s i v i t y  
o f  t h e  system - 0.2 crn2 s-l 
‘H 10 s With x = 11/2 crn, 
A more p r a c t i c a l  c o n s i d e r a t i o n  i s  t h a t  on s t a r t - u p ,  n u c l e i  i n  t h e  chamber need 
t o  be r a i n e d  out ,  so t h a t  t h e  a i r  i s  q u i t e  p a r t i c l e  f r e e  and w i l l  enable a 
s u p e r s a t u r a t i o n  t o  be achieved. Th is  takes 10-20 minutes and can be mon i to red  
s e p a r a t e l y  b y  a l a s e r  s c a t t e r i n g  experiment. The t i m e  cons tan t  f o r  i n t e r n a l  
convec t ion  i n  t h e  chamber - caused b y  heat f l o w  f r o m  t h e  warmer s i d e w a l l s  
towards t h e  chamber i n t e r i o r  i s  s i m i l a r l y  
d 2  -
V 
2 With v - 0.2 cm s-1 and d - 3 cm g i v e s  Tm - 50 s .  T h i s  means t h a t  
s c a l e  (chamber s i z e )  convec t ion  w i l l  d i e  ou t  w i t h  t h i s  t i m e  constant .  I n  
exper iment,  t h i s  s c a l e  of mot ion w i l l  n o t  be e l i m i n a t e d  d u r i n g  t h e  t y p i c a l  
o f  20 s - i t  may be reduced b y  a f a c t o r  of 0.25 t o  0.75. Mot ion around a 
d r i t e  t i p  on t h e  o t h e r  hand, w i t h  much s m a l l e r  s i z e  ( <  0.5 cm), would d i e  
w i t h  a t i m e  cons tan t  of < 1 s which can be neglected. 
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b. S o l u t i o n  growth. 
Residual  convec t ion  i n  t h e  chamber i s  neglected w i t h  temperature u n i f o r m i t y  
o f  - + 0.05' C. 'With c r y s t a l  growth f r o m  t h e  chamber c e n t e r  towards t h e  w a l l s ,  
two l i m i t i n g  i n t e r a c t i o n s  a r e  poss ib le .  F i r s t ,  a thermal wave may spread ou t  
t o  t h e  w a l l s ,  and t h e  whole system may warm up, changing c o n d i t i o n s  f o r  sub- 
sequent c r y s t a l  growth so t h e  s i t u a t i o n  i s  no longer  a d i a b a t i c .  
The t i m e  f o r  t h i s  t o  occur i s  
2 
T =  - X 
z 
x = l c m  
K water  - cm s - l  - 1000 s 
T h i s  can e v i d e n t l y  be neglected i n  any low g experiment. Even i n  t h e  l a r g e  tank  
exper iment,  x - 10 cm, w i t h  slow growth observed over  100 s ,  these considera-  
t i o n s  can be neglected. It i s  p o i n t e d  ou t  however t h a t  i n  v e r y  s low growth 
exper iments,  w i t h  c r y s t a l s  growing over  severa l  days, these c o n s i d e r a t i o n s  a r e  
of  major  importance, w i t h  heat conducted t o  t h e  chamber w a l l s  be ing removed b y  
t h e  c o o l i n g  system, so t h a t  t h e  a d i a b a t i c  c o n d i t i o n  no l o n g e r  app l ies .  
A f u r t h e r  c o n s i d e r a t i o n  comes f r o m  mass t r a n s p o r t  by d i f f u s i o n .  C r y s t a l s  
growing i n  t h e  c e n t e r  of t h e  chamber e s t a b l i s h  an approximate s p h e r i c a l  d i f -  
f u s i o n  f i e l d ,  which i n  t h e  absence of convec t ion  reaches s teady s t a t e  i n  a 
t i m e  R 2  - D  
3 For  a c r y s t a l  1 mm - 1 cm diameter ,  D -10-5cm2s-1 g ives  10 t o  lo5  s .  These 
t i m e s  a r e  l o n g  f o r  a l l  exper iments conducted here; however t h e y  are  of concern 
i n  l o n g  per iods  of slow growth which cou ld  be a t t a i n e d  i n  a s h u t t l e  o r  space 
s t a t i o n  environment. The t i m e  cons tan t  f o r  i n i t i a t i o n  and s t i l l i n g  of t h e  so lu -  
t i o n  under t h i s  c o n d i t i o n  i s  T - -  2 X 
U 
4 For s o l u t i o n ,  u - cm2 s - l  and T - 10 s .  Hence under KC135 low g of 
20 s ,  l a r g e  s c a l e  s t i l l i n g  w i l l  no t  occur. 
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On t h e  o t h e r  hand, t i m e  f o r  i n i t i a t i o n  o f -  convect ion f r o m  a small  buoyant 
b l o b  i s  shor t .  Th is  can be assessed b y  c o n s i d e r a t i o n  of t h e  sudden re lease of a 
buoyant sphere of l i q u i d ,  and computing t h e  t i m e  constant  f o r  a c c e l e r a t i o n .  
If we assume t h a t  a buoyant f o r c e  i s  balanced i n  steady s t a t e  by t h e  drag 
f o r c e  f o r  l a r g e  Reynolds number w i t h  dominant i n e r t i a l  f o r c e s  we have: 
- pu2 CD nr2  . . . .ll 4 3  7 nr Apg 7 
Hence, 
where CD i s  t h e  drag c o e f f i c i e n t  of t h e  buoyant f l u i d  p a r c e l .  
F o r  smal l  Reynolds number and dominant v iscous f o r c e s  on t h e  o t h e r  hand: 
4 3  - nr Ap = 6 ~ r p  3 
Where p i s  t h e  f l u i d  v i s c o s i t y .  
Hence, t h e  ve l  o c i  t y  dependence changes as t h e .  i n d i v i d u a l  f 1 ow becomes t u r -  
b u l e n t ,  t h e  v e l o c i t y  i n  t h i s  case r e s u l t i n g  f r o m  t h e  buoyancy. The t i m e  
cons tan t  f o r  i n i t i a t i o n  of a convec t ive  plume may be computed t o  s u f f i c i e n t  
approx imat ion  b y  assuming a coherent sphere ( r a d i u s  d)  o f  f 1 u i d  of a p p r o p r i a t e  
excess d e n s i t y  s t a r t i n g  f r o m  r e s t  a t  t h e  growing c r y s t a l  and s o l v i n g  t h e  non- 
s teady  s t a t e  equat ion.  Fo r  v iscous f o r c e  dominat ion t h i s  can be w r i t t e n  
4 3 dV 7 nd p - = 6ndV - nd3 ( p  - pE)g . . . . 12 d t  3 
where V i s  t h e  changing v e l o c i t y  i n  t i m e  t, p ,  pE f l u i d  d e n s i t y  of t h e  f l u i d  
sur round ing  t h e  sphere and of t h e  environment, of v i s c o s i t y  p. The s o l u t i o n  
g i v e s  a v e l o c i t y  i n c r e a s i n g  e x p o n e n t i a l l y  t o  a l i m i t  
w i t h  a t i m e  cons tan t  
. . . . . . 1 3  
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I n  t h e  case of f l o w  a t  l a r g e r  bouyancy, g i v i n g  l a r g e r  v e l o c i t y  and h igher  
Reynolds number we may w r i t e  
where CD i s  an e m p i r i c a l  drag c o e f f i c i e n t  and a f u n c t i o n  of Reynolds number. 
t h i s  case t h e  t i m e  dependence comes f r o m  t h e  s o l u t i o n  of 
I n  
= d t  . . . . . 1 5 .  dv 
P - P,) - 
8 7  d P 
For t h e  present  case, t h e  Reynolds number i s  small  b o t h  f o r  vapor and s o l u t i o n  
growth. Th is  g ives  f o r  i c e  i n  a i r  cm, mn T = 1, .01 s ;  f o r  a sodium s u l f a t e  
c r y s t a l ,  T = 7, .07 s. 
It f o l l o w s  t h a t  t h e  t r a n s i e n t  f o r  a mn c r y s t a l  can be neglected i n  b o t h  
cases, a l though f o r  a l a r g e  c r y s t a l  i n  s o l u t i o n ,  t h e  s teady s t a t e  convec t ion  may 
n o t  be a t t a i n e d .  
A f u r t h e r  p r a c t i c a l  conc lus ion  emerges f r o m  t h i s  a n a l y s i s ,  s ince  t h e  plume 
v e l o c i t y  increases as (ap)l /2 o r  as Ap o r  (AT)v2 o r  AT and t h e  c r y s t a l l i z a t i o n  
v e l o c i t y  f o r  f r e e  growth increases approx imate ly  as AT', (Hal 1 e t t  , 1964; Jackson 
e t  a l .  1965). There i s  e v i d e n t l y  a c r i t i c a l  supercoo l ing  beyond which s e l f  i n -  
duced convec t ion  w i l l  no t  have t i m e  t o  begin. The u t i l i t y  of s t u d i e s  i n  low g 
w i l l  l i e  near o r  below t h i s  va lue  of supercool ing.  
Wi th  inc rease of Grashoff number, and b e f o r e  t h e  t r a n s i t i o n  t o  tu rbu lence,  
some o s c i l l a t i o n  of t h e  convec t ive  phase may become ev ident ;  (as d iscussed f o r  
example b y  Carruthers,  1976; C u r t i s  and Dismukes, 1972; H a l l e t t  and Wedum, 
1978). Th is  cou ld  lead t o  some o s c i l l a t o r y  c h a r a c t e r i s t i c  of t h e  growth and 
needs t o  be taken i n t o  c o n s i d e r a t i o n  f o r  these s t u d i e s  under a p p r o p r i a t e  con- 
d i t i o n s ;  indeed i t  i s  t h i s  o s c i l l a t i o n  which i s  used t o  i n d i c a t e  v e l o c i t y  of a 
non-steady p l  ume. 
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These convec t ive  e f f e c t s  may, i n  a d d i t i o n  t o  enhancing mass/heat t r a n s p o r t  
process, a l s o  g i v e  r i s e  t o  k i n e t i c  changes as mani fest  b y  t r a n s i t i o n s  of t h e  
k i n d  
d i s c s  + p l a t e  + d e n d r i t e  and columns + needle 
w i t h  inc rease of supersa tura t ion .  [ K e l l e r ,  McKnight and H a l l e t t ,  1979). Th is  
t r a n s i t i o n  i s  expected t o  occur a t  a c r i t i c a l  s u p e r s a t u r a t i o n  and c o u l d  be 
h i g h l y  s e n s i t i v e  t o  t h e  presence of low convec t ive  v e l o c i t i e s ;  i t  i s  l i n k e d  c l o -  
s e l y  t o  t h e  d e t a i l  of t h e  way i n  which molecules a r e  t r a n s p o r t e d  f r o m  t h e  sur-  
round ing  f l u i d  t o  t h e  c r y s t a l  and t h e  t h i c k n e s s  of t h e  boundary l a y e r .  [Bennema, 
1969; Gi lmer and Bennema, 1972; Ovinko e t  al . ,  1974; K i rkova and Nikolaeva, 
1983; Glicksman e t  al . ,  1986). 
5. THE SYSTEMS. 
The purpose of t h i s  s tudy  i s  t o  i n v e s t i g a t e  t h e  e f f e c t  of imposed and s e l f -  
induced convec t ion  on c r y s t a l  growth. These systems were chosen f o r  s t u d y  
p a r t l y  f r o m  p h y s i c a l  c o n s i d e r a t i o n s  (1 i q u i d s ,  vapor, t ransparency  t o  v i s i b l e  
l i g h t ,  v i s i b i l i t y  of convec t ive  phase), p a r t l y  f o r  convenience (no h i g h / l o w  tem- 
p e r a t u r e s )  and p a r t l y  f o r  ease i n  demonstrat ing t h e  importance of u t i l i z i n g  a 
low g r a v i t y  environment i n  s t u d y i n g  f undamental aspects of c r y s t a l  growth. 
a. I c e  c r y s t a l  growth f r o m  t h e  vapor i n  t h e  presence of a c a r r i e r  gas. 
T h i s  s i t u a t i o n  was i n v e s t i g a t e d  us ing  a s t a t i c  thermal d i f f u s i o n  chamber t o  
produce a known temperature and s u p e r s a t u r a t i o n  and t h e  KC135 t o  g i v e  changes i n  
g r a v i t y .  T y p i c a l l y ,  g r a v i t y  v a r i e d  f rom > 1.8 t o  - + 0.05 g w i t h  low g be ing  
main ta ined f o r  - 20 s. Temperatures f rom O°C t o  -25°C were a v a i l a b l e  w i t h  satu-  
r a t i o n  r a t i o s  up t o  about 1.5. C a r r i e r  gas cou ld  be changed a t  w i l l  f r o m  a i r  t o  
h e l i u m  a t  a known pressure.  The r e s u l t s  cou ld  be compared w i t h  snow c r y s t a l  
growth i n  t h e  atmosphere under 1.0 g and i n  t h e  l a b o r a t o r y  b o t h  under s t a t i c  and 
v e n t i l a t e d  c o n d i t i o n s .  The d i f f e r e n t i a l  o p t i c a l  p a t h  was much t o o  s h o r t  t o  
v i s u a l i z e  t h e  mot ion i n  these experiments. 
b. Sodium s u l f a t e  decahydrate c r y s t a l s  i n  s o l u t i o n .  
Sodium s u l f a t e  s o l u t i o n  can be r e a d i l y  supercooled i n  l a r g e  volumes up t o  
1000 m l .  As c r y s t a l s  grow, low c o n c e n t r a t i o n  s o l u t i o n  i s  produced near t h e  
d e n d r i t e  which leads t o  upward convect ion and can r e a d i l y  be viewed o p t i c a l l y  
beyond a c r i t i c a l  concentrat ion.  Resu l ts  can be compared wi th  l a b o r a t o r y  r e s u l t s  
i n  low g and w i t h  f o r c e d  v e n t i l a t i o n  r e s u l t i n g  f r o m  moving t h e  growing c r y s t a l  
a t  known speed through a supersaturated s o l u t i o n .  
c. I c e  c r y s t a l s  i n  sodium c h l o r i d e  s o l u t i o n .  
Sodium c h l o r i d e  s o l u t i o n  can be r e a d i l y  supercooled (as can pure water)  i n  
va lues  - 10 m l .  As i c e  grows s o l u t e  i s  r e j e c t e d  a t  t h e  i n t e r f a c e ,  t h e  denser 
s o l u t i o n  convect ing downwards. Beyond a c r i t i c a l  concent ra t ion ,  t h e  plume i s  
r e a d i l y  v i s i b l e  i n  an o p t i c a l  system. 
6. CONDIT IONS FOR CONVECTION. 
It i s  ev ident ,  f o r  values of Ra le igh  Number l e s s  than u n i t y ,  (Table 1, 
p. 25), even i n  t h e  case of boundaries o r i e n t e d  v e r t i c a l l y  i n  a g r a v i t a t i o n a l  
f i e l d ,  any mot ions - and t h e i r  i n f l u e n c e  on t h e  c r y s t a l l i z a t i o n  process - w i l l  
be smal l .  With h i g h  values of supersa tura t ion ,  l a r g e r  values of Rale igh number 
may be present,  and t h e  e f f e c t  of se l f - induced convect ion may become apparent. 
We examine a number of s p e c i f i c  s i t u a t i o n s ;  b e a r i n g  i n  mind t h a t  bouyancy 
r e s u l t s  f r o m  b o t h  temperature and c o n c e n t r a t i o n  grad ien ts .  
a. I c e  c r y s t a l  growth f rom vapor. 
The excess temperature r e s u l t i n g  f r o m  l a t e n t  heat re leased w i l l  always g i v e  
r i s e  t o  an upward buoyancy around t h e  c r y s t a l  ; i n  a d d i t i o n ,  t h e r e  w i l l  be a d i f  - 
f e r e n c e  i n  water vapor d e n s i t y  between c r y s t a l  and environment which can be ex- 
pressed as a v i r t u a l  temperature, t h e  temperature which i s  r e q u i r e d  t o  g i v e  t h e  
same d e n s i t y  i f  o n l y  pure a i r  i s  present.  The cases of i c e  growth i n  a i r  and 
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hel ium are  d i f f e r e n t  s i n c e  t h e  m o l e c u l a r  weight  A i r :  Water vapor: Helium are  
29: 18: 4. Hence f o r  growth i n  a i r ,  t h e r e  i s  a tendency t o  lessen t h e  buoyancy 
caused b y  temperature i n c r e a s e  near t h e  c r y s t a l ;  t h e  converse i s  t r u e  f o r  growth 
i n  helium. An upper l i m i t  of t h e  temperature excess may be es t imated  f r o m  t h e  
equat ions g iven e a r l i e r :  
D i s  i n v e r s e l y  p r o p o r t i o n a l  t o  pressure,  and K v a r i e s  n e g l i g i b l y  w i t h  pressure;  
b o t h  v a r y  s l o w l y  w i t h  temperature.  Hence t h e  temperature excess v a r i e s  i n v e r -  
s e l y  as t h e  pressure of t h e  c a r r i e r  gas, and f o r  a g iven water vapor supersatu- 
r a t i o n ,  depends on D / K  f o r  t h e  c a r r i e r  gas. Th is  shows t h a t  t h e  temperature 
d i f f e r e n c e  f o r  a i r  i s  approx imate ly  t w i c e  t h a t  f o r  he l ium (Table Z), and i s  
i n v e r s e l  y p r o p o r t i o n a l  t o  pressure.  The V a l  ues of temperature d i f f e r e n c e  com- 
pu ted  f o r  an excess vapor d e n s i t y  s u p e r s a t u r a t i o n  of 10% ( s a t u r a t i o n  r a t i o  of 
1.1) g i v e  excess temperatures of + 0.86"C ( a i r )  and + 0.49 (Hel ium).  Satura ted  
a i r  a t  - 5°C has a v i r t u a l  temperature increment of + 0.4"C compared w i t h  d r y  
a i r ;  ( d e n s i t y  of t h e  vapor i s  3.24 gm-3). For a s a t u r a t i o n  r a t i o  of 1.1 t h i s  
g i v e s  a d i f f e r e n c e  of 0.04"C. I n  he l ium on t h e  o t h e r  hand, t h e  increment i s  of 
o p p o s i t e  s i g n  and l a r g e r  b y  t h e  r a t i o  of t h e  molecu la r  weights  (29/4) ,  which 
g i v e  a d i f f e r e n c e  of - 0.29"C. The n e t  e f f e c t  i s  + 0.82"C a i r ,  + 0.20"C Helium. 
From these cons idera t ions ,  i t  would appear t h a t  a i r  would be more l i k e l y  t o  g i v e  
a buoyancy e f f e c t  than hel ium. The assoc ia ted  Grashoff  numbers are i n  a 2 g 
environment f o r  a mn c r y s t a l ,  0.4 and 2 x 10-3 and f o r  a cm c r y s t a l  200 and 1 
r e s p e c t i v e l y .  T h i s  i s  t o  be compared w i t h  a c c e l e r a t i o n  n o i s e  values 1/100 o f  
t h i s  caused b y  atmospher ic t u r b u l e n c e  i n  t h e  KC135 environment (see F ig.  12) .  
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As we have seen e a r l i e r ,  i n  t h e  case of i c e  growth, t h e  c r y s t a l  h a b i t  may be 
extreme - as d e n d r i t e s  o r  needles - and t h e  mass inc rease and heat r e l e a s e  may 
t a k e  p lace  almost e n t i r e l y  on t h e  c r y s t a l  e x t r e m i t i e s .  Under these c o n d i t i o n s  
t h e r e  are  s i g n i f i c a n t  d i f f e r e n c e s  of temperature between d i f f e r e n t  p a r t s  of a 
l a r g e  (mm) c r y s t a l  w i t h  t h e  growing t i p s  warmer than elsewhere. It i s  no t  easy 
t o  analyze t h i s  s i t u a t i o n  t h e o r e t i c a l l y .  The growth of any p o i n t  on t h e  c r y s t a l  
depends c r u c i a l l y  on a balance between l o c a l  n u c l e a t i o n  a t  a p r o t r u d i n g  c o r n e r  
which may be m o l e c u l a r l y  rough, and, f u r t h e r  back f r o m  t h e  t i p ,  where growth i s  
b y  s teps growing back t o  a r e g i o n  of lower  l o c a l  s u p e r s a t u r a t i o n  ( H a l l e t t ,  
1987). The excess temperature a t  t h e  t i p  may be severa l  t imes t h a t  f o r  an equiv- 
a l e n t  s p h e r i c a l  p a r t i c l e ,  depending on t h e  d e t a i l e d  geometry of t h e  growing 
c r y s t a l ,  t h e  maximum be ing  expected f o r  a l o n g  c y l i n d r i c a l  c r y s t a l  o r  a narrow 
d e n d r i t e  t i p .  Observat ions b y  Gonda and Komabayasi (1970) show t h a t  t h e  l i n e a r  
growth r a t e  of c r y s t a l s  i n  he l ium exceeds t h a t  of a i r  under i d e n t i c a l  condi -  
t i o n s .  
I n  t h e  case of i c e ,  t h e  e f f e c t  w i l l  be g r e a t e s t  a t  h i g h  s u p e r s a t u r a t i o n  and 
more extreme h a b i t .  These c o n s i d e r a t i o n s  a p p l y  near -4°C where t h e  h a b i t  i s  i n  
t h e  f o r m  of l o n g  columns and needles - t h e  case examined above, and, near -2OC 
and -15"C, where t h e  h a b i t  i s  i n  t h e  form of d e n d r i t e s .  
The l a t t e r  temperature cou ld  n o t  be ob ta ined w i t h  t h e  system a l though some 
l a b o r a t o r y  measurements were made near -2OC. The d e c i s i o n  t o  use he l ium a t  1/2 
atmosphere was made on t h e  b a s i s  of t h e  r e s u l t s  of Gonda and o u r  1 g l a b o r a t o r y  
s t u d i e s  t h a t  growth r a t e s  were observed t o  be h i g h e s t  under these c o n d i t i o n s .  
Maximum p r a c t i c a l  s u p e r s a t u r a t i o n  was -50%, t o  g i v e  l i n e a r  growth r a t e  -6 UTI s - l ;  
i n  10s t h i s  g ives  a d i s t a n c e  of 60 v. Est imate  of l e n g t h  w i t h  t h e  a v a i l a b l e  
o p t i c s  was - - + 3 m, which made t h i s  p a r t i c u l a r  exper iment f e a s i b l e .  I n t e r p r e -  
t a t i o n  of se l f - induced growth enhancement i n  low g i n  terms of Grashoff numbers 
g i v e n  above o n l y  makes sense us ing  a l a r g e r  dimension, and i n  any case would 
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p o i n t  t o  a b i g g e r  e f f e c t  i n  a i r  than helium. Absolute growth r a t e s  i n  a i r  g r e a t  
enough t o  measure under KC135 c o n d i t i o n s  were n o t  a v a i l a b l e  i n  t h i s  system ( i f  
g r e a t e r  supersa tura t ions  were used ( >  50%) t h e  growth of c r y s t a l s  f r o m  t h e  base 
p l a t e  and t h e  w a l l s  was excess ive) .  
b. C r y s t a l  growth f r o m  s o l u t i o n .  
A s i m i l a r  a n a l y s i s  may be c a r r i e d  ou t  f o r  i c e  growth i n  supercooled NaCl 
s o l u t i o n  and sodium s u l f a t e  decahydrate f r o m  s o l u t i o n ,  us ing  t h e  f u s i o n  l a t e n t  
heat  and d i f f u s i o n  c o e f f i c i e n t  of t h e  i o n s  i n  water. Since a l l  mo lecu la r  d i f -  
f u s i o n  processes i n  water a re  s low t h e  s lope of t h e  l i n e  i s  n e a r l y  v e r t i c a l ,  
g i v i n g  a temperature excess - 10'20C, so t h a t  i t s  e f f e c t  on buoyancy can be 
neglected.  The buoyancy i n  bo th  cases i s  t h e r e f o r e  g iven approx imate ly  by t h e .  
d i f f e r e n c e  between env i  ronment and equi  1 i b r i  um d e n s i t y  r e s u l t i n g  on1 y f r o m  con- 
c e n t r a t i o n  a t  t h e  supercoo l ing  temperature.  As p o i n t e d  o u t  e a r l i e r ,  t h i s  
n e g l e c t s  k i n e t i c  e f f e c t s  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  which w i l l  reduce t h e  
buoyancy somewhat. I n  these cases, Grashoff number w i t h  supercoo l ing  of 2°C 
Grashof f  numbers are  f o r  a mn c r y s t a l  and -10 f o r  a cm c r y s t a l .  The same 
c o n d i t i o n s  a p p l y  f r o m  c r y s t a l  shape and d e n d r i t e  t i p  r a d i i  as f o r  growth f r o m  
t h e  vapor (Tab le  3)  . 
Since q u i t e  d i s t i n c t  convect ion i s  observed i n  t h e  case of NazS04 10H20, 
t h e  conc lus ion  i s  reached t h a t  a Grashoff number of 10 computed i n  t h i s  way i s  
i n  excess of t h a t  r e q u i r e d  f o r  s e l f - i n d u c e d  convect ion.  Table 1 g i v e s  a com- 
p a r i s o n  of t h e  t i m e  constant  f o r  i n i t i a t i o n  of convec t ion  f o r  d i f f e r e n t  systems. 
The t i m e  f o r  a c r y s t a l  t i p  dimension of mm o r  l e s s  i s  n e g l i g i b l e  f o r  systems 
examined here. However, f o r  l a r g e r  c r y s t a l s ,  - cm, t h e  t imes are  s i g n i f i c a n t  
which i s  c o n s i s t e n t  w i t h  de lays  i n  t h e  plume detachment t o  be descr ibed l a t e r  
(F igs .  19, 39). 
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7. I C E  CRYSTAL GROWTH FROM THE VAPOR. 
a. General Considerat ions:  When snow c r y s t a l s  grow i n  t h e  atmosphere, t h e  
observed e x t e r n a l  f o r m  of t h e  c r y s t a l s  i s  g e n e r a l l y  hexagonal, t h e  h a b i t  ( r a t i o  
of a/c a x i s )  and t h e  degree of complet ion of faces ( d e n d r i t i c  or needle c r y s t a l s  I 
compared w i t h  p l a t e s  or columns) depends c r i t i c a l l y  on temperature,  supersatu- 
r a t i o n  and f a l l  v e l o c i t y  ( H a l l e t t ,  1987). W h i l s t  a t  low s u p e r s a t u r a t i o n  t h e  I 
h a b i t  of i c e  c r y s t a l s  may be determined by t h e  presence of emerging d i s l o c a t i o n s  
i n  p r e f e r r e d  d i r e c t i o n s ,  under most atmospheric c o n d i t i o n s ,  where t h e  s a t u r a t i o n  
i s  c l o s e  t o  water  s a t u r a t i o n ,  growth i s  determined by sur face  n u c l e a t i o n  and 
l a y e r  spreading and t h e  h a b i t  by d i f f e r e n t i a l  e f f e c t s  on planes p e r p e n d i c u l a r  t o  
a and c axes. Labora tory  exper iments ( K e l l e r  and H a l l e t t ,  1982; Alena and 
H a l l e t t ,  1987) have shown t h a t  t r a n s i t i o n  f r o m  p l a t e  t o  dendr i te ,  and column t o  I 
needle can be i n i t i a t e d  by inc rease of ambient a i r  v e l o c i t y  as w e l l  as i n c r e a s e  
i n  supersa tura t ion .  This  occurs i n  p r a c t i c e  as t h e  f a l l  v e l o c i t y  of a c r y s t a l  
exceeds a c r i t i c a l  value, or, i n  t h e  case of a f r o s t  c r y s t a l ,  as t h e  s u r f a c e  
wind speed exceeds a s i m i l a r  value. These exper iments were undertaken t o  i n -  
l 
I 
I 
v e s t i  ga te  whether changes c o u l d  be achieved b y .  compl e t e l  y removing any vent i - 
l a t i o n  by growing a c r y s t a l  under low g. I c e  c r y s t a l  growth under s t a t i c  
I 
l a b o r a t o r y  c o n d i t i o n s  may g i v e  r i s e  t o  v e n t i l a t i o n  e i t h e r  by l o c a l  convec t ion  
f rom t h e  growing c r y s t a l  i t s e l f ,  o r  by convect ion on a l a r g e r  s c a l e  i n  t h e  
chamber i n  which t h e  c r y s t a l  i s  growing. This  e f f e c t  i f  i t  i s  present  a t  a l l  
can be r e a d i l y  i n v e s t i g a t e d  under low g a v a i l a b l e  i n  t h e  KC135. Here, i t  i s  
necessary t o  u t i l i z e  t h e  20 s p e r i o d  of low g a v a i l a b l e .  I n  o r d e r  t o  o p t i m i z e  
t h e  c o n d i t i o n s  under which such a s tudy can be c a r r i e d  ou t ,  t h e  maximum l i n e a r  
growth r a t e  of a c r y s t a l  must be r e a l i z e d .  Under o r d i n a r y  atmospher ic con- 
d i t i o n s  t h i s  i s  ,. 1-2 rn s-l (Ryan, e t  al . ,  1976). The growth r a t e  of an i c e  
c r y s t a l  l i m i t e d  b y  d i f f u s i o n  and heat c o n d i t i o n  i s  g iven  b y  
I 
, 
I 
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where C i s  t h e  e l e c t r o s t a t i c  capaci tance of t h e  c r y s t a l  ( = r a d i u s  f o r  a sphere) 
and o t h e r  symbols have t h e i r  usual meanings. (See Pruppacher and K l e t t ,  p.  448). 
The growth r a t e  can be increased w i t h  s u p e r s a t u r a t i o n  U, and by inc rease of D 
and K. I n  a i r  a t  1 atmosphere and - 10°C t h e  two terms i n  t h e  denominator a r e  
a lmost  equal. 
T h i s  a n a l y s i s  i s  a p p l i c a b l e  t o  a c r y s t a l  w i t h  u n i f o r m  sur face  c o n d i t i o n s ;  i n  
p r a c t i c e  t h i s  i s  f a r  f r o m  t h e  case as d i f f e r e n t  f a c e t s  of t h e  c r y s t a l  a r e  sub- 
j e c t  t o  d i f f e r e n t  l o c a l  supersa tura t ion ,  s ince  d i f f e r e n t  f a c e t s  show d i f f e r e n t  
k i n e t i c s .  The r e s u l t  i s  t h a t  a c r y s t a l  grows i n  a d e n d r i t i c  o r  needle (non- 
f a c e t e d )  shape where t h e  l o c a l  s u p e r s a t u r a t i o n  i s  g r e a t e s t  and where f a c e t e d  and 
l a y e r  growth g i v e  way t o  cont inuous growth on a m o l e c u l a r l y  rough sur face.  A 
t h i n n e r  c r y s t a l  ( f o r  heat and m o i s t u r e  t r a n s p o r t  reasons) grows f a s t e r .  
L a b o r a t o r y  r e s u l t s  have shown t h a t  increases of D tends t o  g i v e  more f a c e t e d  
c r y s t a l s  (cons tan t  K) whereas inc rease of K ( c o n s t a n t  D)  g i v e s  more d e n d r i t i c  
c r y s t a l s  (Gonda and Komabayasi , 1971) . K can be inc reased b y  use of hydrogen/ 
h e l i u m  as a c a r r i e r  gas; D can be increased by us ing  a gas a t  low pressure.  
E v i d e n t l y  a compromise i n  cho ice  of c a r r i e r  gas (Table 2, p. 33) i s  r e q u i r e d  t o  
g i v e  maximum growth ra te .  Hel ium was chosen f o r  s a f e t y  reasons; t h e  maximum 
growth r a t e  was found e m p i r i c a l l y .  
b. Chamber des ign and c o n s t r u c t i o n .  
The s t a t i c  d i f f u s i o n  chamber i s  formed b y  two f l a t  s t a  
28 cm i n  diameter,  spaced 3 cm apar t ,  as shown i n  Fig.  7. 
n l e s s  s t e e l  p l a t e s  
A s t a i n l e s s  s t e e l  
I 
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w i c k i n g  m a t e r i a l  i s  d i f f u s i o n a l l y  bonded t o  t h e  t o p  sur face  t o  a c t  as a water  
source. This  wick i s  0.1 cm t h i c k ,  w i t h  a c a p a c i t y  of a t  l e a s t  0.07 gm/cm2 of 
water.  For  o p e r a t i o n  a t  low vapor pressure,  t h e  wick i s  f i l l e d  w i t h  water  a t  
room temperature and then a l lowed t o  f reeze.  The chamber s i d e w a l l  i s  c o n s t r u c t e d  
o f  a t h i c k  r i n g  of p l e x i g l a s s .  Machined i n t o  t h e  s i d e w a l l  a re  two access p o r t s ,  
t h r e e  gas p o r t s ,  and two window openings. Windows are double pane t o  min imize 
heat  t r a n s f e r  t o  t h e  environment. Dry a i r  i s  c i r c u l a t e d  between t h e  windows t o  
p revent  any water vapor condensat ion t h a t  would impede viewing. The chamber can 
be f l u s h e d ,  evacuated and f i l l e d  w i t h  o t h e r  gases, or aerosol  as shown i n  
F ig .  8. It i s  p r o t e c t e d  from over-pressure by a pressure r e l i e f  valve.  A g lass  
f i b e r  (1 /2 mn d iameter )  w i t h  micrometer c o n t r o l  of v e r t i c a l  p o s i t i o n  and r o t a -  
t i o n  i s  i n s e r t e d  i n  t h e  t o p  c e n t e r  of t h e  chamber t o  serve as a n u c l e a t i o n  s i t e  
f o r  i c e  c r y s t a l s .  It i s  necessary t o  n u c l e a t e  i c e  c r y s t a l s  f o r  growth above 
- l0'C by a C02/LN2 coo led  probe, o therw ise  supercooled drops grow on t h e  f i b e r .  
C r y s t a l s  a r e  viewed th rough a camera window 2 x 7 cm of  o p t i c a l  crown g lass,  
t r e a t e d  w i t h  a n o n - r e f l e c t i v e  coat ing.  A s i m i l a r  window w i t h  dimensions as 
2 x 11 cm i s  p rov ided a t  180' o r i e n t a t i o n  f o r  u s i n g  a V ickers  h i g h  i n t e n s i t y  
t u n g s t e n / i o d i n e  microscope lamp w i t h  a water  f i l t e r  i s  p rov ided t o  reduce i n f r a -  
r e d  h e a t i n g  f r o m  t h i s  tungs ten  lamp. The s t e r e o  microscope a l l o w s  simultaneous 
photography w i t h  a 16 mn movie camera o r  a t e l e v i s i o n  camera and VCR, and a 
35 mm camera equipped w i t h  250 f rame casset tes  w i t h  motor ized  d r i v e .  
The thermal p l a t e s  are  independent ly  c o n t r o l  1 ab1 e th rough a temperature 
range from ambient t o  - 30'C. Each 2.5 cm t h i c k  s t a i n l e s s  s t e e l  p l a t e  has a 
0.5 cm t h i c k  copper d i s c  brazed t o  t h e  s u r f a c e  oppos i te  t h e  i n s i d e  sur face.  The 
copper i s  in tended as a thermal b u f f e r  t o  achieve u n i f o r m  temperatures i n  t h e  
thermal  p l a t e .  An i n s u l a t i o n  package e q u i v a l e n t  t o  a t  l e a s t  5.0 cm of a i r  
surrounds t h e  chamber t o  reduce t h e  e f f e c t s  of heat t r a n s f e r  f r o m  t h e  env i ron-  
40 
41 
AIR PUMP 
~ 
1 SHUT OFF VALVE 
2 
3 DRIERITE CANISTER 
d 4 STATIC DIFFUSION CHAMBER 5 DOUBLE PANE WINDOW 
6 PRESSURE RELIEF VALVE ( p < 50 psi ) 
7 ACTIVATED CHARCOAL / PARTICULATE FILTER 
8 PRESSURE MEASUREMENT 
Fig .  8 Chamber f i l l i n g  and f l u s h i n g  connections. 
ment. Temperature c o n t r o l  i s  p rov ided by a microprocessor  u t i  1 i z i n g  samp 
d a t a  servo techniques, u t i l i z i n g  a servo feedback parameter and i s  p rov ided 
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a t h e r m i s t o r  temperature sensor embedded i n  t h e  s t a i n l e s s  s t e e l  p l a t e .  The 
microprocessor  i n c o r p o r a t e s  a 12 b i t  da ta  a c q u i s i t i o n  system. The p l a t e  tem- 
p e r a t u r e s  are d r i v e n  b y  t h e r m o - e l e c t r i c  modules which are  mounted d i r e c t l y  t o  
t h e  copper b u f f e r .  A heat exchanger i s  mounted t o  t h e  o t h e r  s i d e  of t h e  t h e r -  
m o e l e c t r i c  modules t o  d i s s i p a t e  waste heat i n t o  a w a t e r / i c e  s l u r r y .  Accelera- 
t i o n  i s  measured by two accelerometers a t tached t o  t h e  chamber which g ives  
v e r t i c a l  and l a t e r a l  components ( s e n s i t i v i t y  - + .01 9 ) ;  chamber p ressure  by a 
p i e z o  e l e c t r i c  system through a communicating p o r t .  
c. Contro l  System. 
Sof tware development f o r  t h i s  2-80 based computer was accomplished u s i n g  an 
8080 assembler program. The procedure f o r  programming t h e  microprocessor  con- 
s i s t e d  of w r i t i n g  t h e  assembly program and downloading t h e  generated machine 
code d i r e c t l y  i n t o  a b u f f e r e d  PROM programmer. UV erasab le  PROMS (INTEL 2716 's )  
were used i n  our  system. 
The c o n t r o l  system i s  designed t o  opera te  i n  two work ing modes. I n  t h e  
STABILIZE mode, servos are  updated every  125 ms w h i l e  temperatures are  p r i n t e d  
a t  programmable i n t e r v a l s  on a thermal p r i n t e r .  Dur ing  t h i s  mode, t h e  opera tor  
may d i s p l a y  t h e  ou tpu t  i n f o r m a t i o n  of any analog channel on t h e  LED d i s p l a y  by 
e n t e r i n g  t h e  d e s i r e d  channel number v i a  t h e  keyboard. 
I n  t h e  RUN mode servos a r e  updated every  125 ms, w h i l e  accelerometer  da ta  i s  
p l o t t e d  a t  125 ms i n t e r v a l s  on t h e  thermal p r i n t e r .  Again, i n f o r m a t i o n  f r o m  any 
analog channel can be d i s p l a y e d  one channel a t  a t ime, on t h e  f r o n t  panel LED 
d i s p l a y .  When. t h i s  mode i s  e x i t e d ,  e lapsed t ime,  temperature h ighs and lows, 
~ 
and a c c e l e r a t i o n  h ighs and lows a r e  recorded by t h e  thermal p r i n t e r .  
4 3  
A d i g i t a l  servo was w r i t t e n  f o r  t h i s  so f tware  u s i n g  sampled da ta  methods. 
C a l i b r a t e d  temperature feedback i n f o r m a t i o n  i s  p rov ided b y  t h e r m i s t o r  tem- 
p e r a t u r e  sensors. Temperatures a r e  c a l i b r a t e d  and d i s p l a y e d  i n  decimal f orm. 
T h i s  i s  accomplished 
m i s t o r .  The softwar 
r o u t i n e s  t o  generate 
tempera t u  re .  
Because t h e  acce 
by p r o v i d i n g  a c a l i b r a t i o n  t a b l e  i n  memory f o r  each t h e r -  
2 prov ides  t a b l e  s e l e c t i o n ,  i n t e r p o l a t i o n ,  and convers ion  
t h e  d i s p l a y  of a c a l i b r a t e d  decimal number r e p r e s e n t i n g  
erometer ou tpu t  i s  e s s e n t i a l l y  l i n e a r ,  t h e  accelerometer  
signal. c o n d i t i o n i n g  c i r c u i t r y  was designed such t h a t  a s imp le  off s e t  s u b t r a c t i o n  
c o u l d  be used on t h e  d i g i t i z e d  analog s i g n a l  . A f t e r  p r e s e n t i n g  t h e  number i n  
decimal form,  an accelerometer ou tpu t  represent ing  g r a v i t y  i n  r e a l  u n i t s  was 
r e a l  i zed . 
d .  Cont ro l  Hardware. 
A STD Bus s i n g l e  card processor  (PRO-LOG #7803) was s e l e c t e d  as  t h e  p r i m a r y  
c o n t r o l  element of t h i s  p r o j e c t .  Low cos t ,  small  p h y s i c a l  envelope, and s u i t a -  
b i l i t y  f o r  use i n  a smal l  ded ica ted  system i s  i n h e r e n t  w i t h  t h i s  bus s t r u c t u r e .  
The s i n g l e  board 2-80 based computer i s  d r i v e n  a t  a c l o c k  r a t e  of 2.5 M HZ, 
and had space f o r  8K by tes  of ROM and 4K by tes  of RAM. Our c o n t r o l  program u t i -  
l i z e s  the  PRO-LOG moni tor ,  which occupies the  f i r s t  2K of ROM, and i s  used f o r  
some of t h e  keyboard u t i l i t y  r o u t i n e s  t h a t  a r e  a v a i l a b l e  i n  t h i s  package. The 
nex t  4K b y t e s  of ROM are  reserved f o r  t h e  c o n t r o l  sof tware,  w h i l e  t h e  remain ing 
2K by tes  of ROM a r e  used f o r  s to rage of t h e r m i s t o r  c a l i b r a t i o n  t a b l e s .  Less 
t h a n  1 K  b y t e s  of RAM are  used i n  our  system. D i g i t a l  1/0 is  accomplished us ing  
a Pro-Log c a r d  (Ar8113) f i t t e d  w i t h  e i g h t  8 - b i t  i n p u t / o u t p u t  p o r t s .  Output p o r t s  
a r e  l a t c h e d  and a r e  capable of readback. S e l e c t i o n  of I/O f u n c t i o n  f o r  each 
p o r t  i s  done on t h e  card ( i t  i s  n o t  programmable). 
e. Analog Cards. 
One 16 channe , 12 b t A/D card  (Data T r a n s l a t i o n  #DT-2722) i s  i n c o r p o r a t e d  
t o  handle c o n d i t i o n e d  i n p u t  analog s i g n a l s  f rom s i x  t h e r m i s t o r s ,  one thermo- 
couple and one accelerometer.  Two of  t h e  t h e r m i s t o r s  are used as servo feedback 
s i g n a l s  as w e l l  as temperature m o n i t o r i n g  s i g n a l s ;  t h e  remain ing f o u r  t h e r -  
m i s t o r s  are a v a i l a b l e  as spares. One f o u r  channel 12 b i t  D/A card (Data Tran- 
s i t i o n  #DT-2726) i s  used t o  p r o v i d e  c o n t r o l  s i g n a l  s t o  t h e  power a m p l i f i e r s  used 
t o  d r i v e  t h e  TEM heat exchangers. Two of these servo c i r c u i t s  e x i s t  and two 
spare D / A  channels a re  a v a i l a b l e .  
A r e a l  t i m e  c l o c k  card  (ENLODE #200-1) i s  u t i l i z e d  i n  our  package t o  p r o v i d e  
r e a l  t i m e  i n  hours, minutes,  and seconds. Month, day, and year  a r e  a l s o  a v a i l -  
ab le.  The card i s  equipped w i t h  a b a t t e r y  backup, so t h a t  t h e  ca lendar  i s  no t  
l o s t  d u r i n g  power off per iods.  A hardware t imeout  f u n c t i o n  a v a i l a b l e  on t h e  
c a r d  i s  used t o  p r o v i d e  a processor  i n t e r r u p t  e v e r y  125 ms f o r  c l o c k i n g  t h e  
sampl ing r a t e  of t h e  servo. An 1/0 card  i s  ded ica ted  t o  a d i s p l a y  and keyboard 
l o c a t e d  on t h e  f r o n t  panel .  A second u t i l i t y  card i s  a l s o  used f o r  a d i s p l a y ,  
a1 ong w i t h  1/0 c o n t r o l  of p e r i p h e r a l  equipment . 
Located s e p a r a t e l y  f r o m  t h e  microprocessor  bus i s  t h e  power c i r c u i t r y  i n c o r -  
p o r a t e d  t o  d r i v e  t h e  t h e r m o e l e c t r i c  modules used i n  t h e  thermal heat exchangers. 
T h i s  c i r c u i t  c o n s i s t s  of two b i d i r e c t i o n a l  power a m p l i f i e r s ;  c o n t r o l  s i g n a l s  are 
a t  20 p r o v i d e d  b y  t h e  microprocessor .  Maximum power o u t p u t  i s  about 15 AMPS 
v o l t s  f o r  two c i r c u i t s  (combined). 
f . Resu l ts  - I c e  c r y s t a l  growth f r o m  t h e  vapor. 
The chamber mounted on a p a l e t t e  w i t h  computer ready f o r  KC135 i n s t a l  
i s  shown i n  Fig.  9. T y p i c a l  a c c e l e r a t i o n  p r o f i l e s  a re  shown i n  Fig.  10. 
a t i o n  
This  
shows t h a t  t h e  l i m i t  of low g r a v i t y  s t u d i e s  a r e  e s s e n t i a l l y  s e t  by t h e  t u r b u -  
l e n c e  of t h e  atmosphere i n  which t h e  a i r c r a f t  f l e w .  These f l i g h t s  were under- 
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taken over  t h e  Gulf  of Mexico, t h e  a i r c r a f t  h e i g h t  v a r y i n g  between 20,000 and 
30,000 f t .  Fig.  10 shows an u n c e r t a i n t y  of l a t e r a l  a c c e l e r a t i o n  - + 0.05 g and i n  
v e r t i c a l  a c c e l e r a t i o n  of - + 0.05 g a t  t h e  parabola t i p ,  b u t  h i g h e r  u n c e r t a i n t i e s  
> - + 0.1 g d u r i n g  t h e  h i g h  p e r i o d  p u l l o u t .  
I n  a i r  maximum l i n e a r  growth r a t e s  of i c e  c r y s t a l s  occur  a t  temperatures 
where t h e  h a b i t  i s  most extreme. This  i s  a t  - -1.5OC and -15°C f o r  growth as 
d e n d r i t e s  i n  t h e  a-ax is  d i r e c t i o n  and a t  - 5OC i n  t h e  c -ax is  d i r e c t i o n  ( H a l l e t t ,  
1987). The growth r a t e  increases w i t h  supersa tura t ion .  The chamber was oper- 
a t e d  w i t h  c e n t r a l  temperature between - 2" t o  - 6OC w i t h  temperature of t h e  
p l a t e s  - 18 t o  + 8OC; t h i s  g ives  a c e n t e r  temperature of - 5OC. Th is  g ives  l o n g  
needles growing r a d i a l l y  outward f rom t h e  support  (F ig .  11).  E m p i r i c a l l y ,  i t  
was found t h a t  t h e  growth r a t e  of needles under i d e n t i c a l  c o n d i t i o n s  of super- 
s a t u r a t i o n  i n  1 g was a maximum f o r  he l ium pressure  of approx imate ly  500 mb. 
(F ig .  12).  T h i s  was approx imate ly  t w i c e  as f a s t  as c r y s t a l s  i n  a i r  under t h e  
same c o n d i t i o n s  ( s u p e r s a t u r a t i o n  40 - 50% over  i c e ) .  
Experiments under these c o n d i t i o n s  were c a r r i e d  ou t  i n  KC135 low g r a v i t y .  
F ig .  10 showing accelerometer records t y p i c a l  of such a t r a j e c t o r y ,  w i t h  a low g 
p e r i o d  of about 16 s. Atmospheric t u r b u l e n c e  g ives  r i s e  t o  d e v i a t i o n s  bo th  i n  
v e r t i c a l  and l a t e r a l  g components, l e a d i n g  t o  an u n c e r t a i n t y  - + 0.05 g under 
low g c o n d i t i o n s .  Somewhat l a r g e r  u n c e r t a i n t i e s  a re  present  under h i g h  g, 1.8 - + 
0.1 g. Measurements of t h e  l i n e a r  growth of an i c e  c r y s t a l  needle d u r i n g  
severa l  such t r a j e c t o r i e s  taken c o n t i n u o u s l y  a re  shown i n  Fig.  13, showing a 
v a r i a t i o n  of growth r a t e  between 5.9 rm s - 1  ( h i g h  g) t o  2.1 prn s - 1  ( l o w  g) w i t h  
a mean growth r a t e  of 3.4 s-1. E r r o r s  a r i s e  f r o m  measurement of t h e  l o c a t i o n  
of d e n d r i t e  and a r e  es t imated  - + 0.5 rm s - l .  
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Growth of c r y s t a l s  a t  v e r y  low s u p e r s a t u r a t i o n  and over  much l o n g e r  per iods  
of  t i m e  (severa l  hours)  shows t h a t  a t  t h i s  temperature t h e  h a b i t  of t h e  c r y s t a l  
i s  dependent on s u p e r s a t u r a t i o n  (Fig.  14). As s u p e r s a t u r a t i o n  i s  changed, 
columns t r a n s f o r m  t o  p l a t e s  and back t o  columns over  t h e  range 1% t o  3% i c e  
s u p e r s a t u r a t i o n .  Since c r y s t a l  growth r a t e  i s  s t r o n g l y  dependent on supersatu- 
r a t i o n ,  these e f f e c t s  a re  d i f f i c u l t  t o  observe i n  t h e  atmosphere where growth 
takes  p l a c e  under v e n t i l a t i o n  w i t h  a f a l l  v e l o c i t y  - 30 crn s - l  and o f t e n  c l o s e  
t o  water s a t u r a t i o n ;  t h e  c r y s t a l s  which are i n  f a c t  found a r e  those which grow 
most q u i c k l y  and under t h e  most f a v o r a b l e  c o n d i t i o n s .  The r o l e  of l o c a l  convec- 
t i o n  e i t h e r  around t h e  c r y s t a l  or  on t h e  s c a l e  of t h e  chamber i t s e l f  i s  no t  
c l e a r .  It i s  of i n t e r e s t  t h a t  recent  l a b o r a t o r y  s t u d i e s  u s i n g  t h e  dynamic d i f -  
f u s i o n  chamber (F ig .  2b) have shown t h a t  face ted  c r y s t a l s  can be caused t o  
s p r o u t  a t  t h e  corners  w i t h  increased v e l o c i t y  as l i t t l e  as 2 cm s - l .  The growth 
r a t e  and t h e  shape changes are  f a r  t o o  slow however t o  be s t u d i e d  i n  t h e  20 s of 
t h e  KC135 parabola.  
8. CRYSTAL GROWTH FROM SOLUTION. 
a. Ground based experiments. 
It was found e x p e r i m e n t a l l y  t h a t  convec t ion  f r o m  growing d e n d r i t e  t i p s  cou ld  
be r e a d i l y  observed i n  t h e  S c h l i e r e n  system o n l y  under q u i t e  s p e c i f i c  c i rcum- 
stances. No convec t ion  cou ld  be seen f o r  weak s o l u t i o n s ,  pure water o r  pure 
D20. Th is  can be i n t e r p r e t e d  e i t h e r  as i n s u f f i c i e n t  o p t i c a l  pa th  d i f f e r e n c e ,  o r  
as t h e  d e n s i t y  d i f f e r e n c e  be ing  t o o  smal l  t o  i n i t i a t e  convect ion.  It i s  t o  be 
no ted  t h a t  water has a r a t h e r  f l a t  maximum i n  r e f r a c t i v e  index q u i t e  c l o s e  t o  
t h e  m e l t i n g  p o i n t  (F ig .  15) i m p l y i n g  t h a t  i t  would be d i f f i c u l t  t o  v i s u a l i z e  i c e  
c o n v e c t i v e  plumes s ince  An 3 AT, 2' i s  o n l y  lom5. [Luten, 1934; T i l t o n  and 
Tugler ,  1938; Kirshenbaum, 1959; Mehu e t  al., 1966; Eisenberg and Kauzrnann, 
19691. Conversely, under c o n d i t i o n s  of h i g h  supercoo l ing  and c o r r e s p o n d i n g l y  
mm 
F ig .  i J a ,  b H a b i t  dependence of i c e  g rowth  f r o m  t h e  v a p o r  i n  a i r  on super- 
52t:;rat icn a t  - 5°C. I n i t i a l  ; roh th :  12% o v ~ 2 . r  i c e  g i v i n g  3 
column; l a t e r  g rowth  : 1% over  i c e  g i v i n g  a p l a t e  ( a ) ;  f i n a l  
g r o w t h  a t  5% a v e r  i c e  t o  g i v e  a h o l l o w  column ( b ) .  
5 3  
1.33401 
1.3335t 
1.33300 
1.33250 
f l g .  15 
MEDIUM DHO 
\' 
I I I I \ 
-1 0 0 10 20 30 
TEMPERATURE ("C) 
R e f r a c t i v e  index of water shows a f l a t  maximum j u s t  below t h e  
e q u i l l b r i u m  f u s i o n  p o l n t  H20, and j u s t  above f o r  020. I n  
e i t h e r  case, the  d i f fe rence  was not grea t  enough t o  g ive  
v i s i b l e  e f f e c t s  i n  the Schl ieren system. 
Temperature uf ' M e l t l n g  Temperature of 
maximum densf t y  pol n t  maximum ref  r a c t l v e  
+4OC 273.15'C -2 
+ll°C 276.97OC +7 
i ndex 
h i g h  c r y s t a l  growth t h e  convec t ion  d i d  no t  have t i m e  t o  beg 
c r y s t a l s  grew (Tab le  1). 
i. Sodium S u l f a t e  decahydrate f r o m  s o l u t i o n .  
54 
n b e f o r e  t h e  
Sodium s u l f a t e  c r y s t a l l i z e s  as two forms, heptahydrate and decahydrate, each 
w i t h  q u i t e  d i s t i n c t  p r o p e r t i e s  (F ig .  16). The decahydrate i s  more s t a b l e  and i s  
used i n  t h i s  study. I n  o r d e r  t o  ensure n u c l e a t i o n  of decahydrate, a c r y s t a l  
f r o m  a c r y s t a l  s o l u t i o n  mix heated t o  j u s t  below t h e  e q u i l i b r i u m  p o i n t  (+  32°C) 
i s  used as a seed c r y s t a l .  Th is  ensures t h a t  no heptahydrate which decomposes 
a t  + 2 8 O C  i s  present.  The c r y s t a l  i s  i n s e r t e d  i n t o  t h e  c e n t e r  of t h e  l i q u i d  b y  
pushing i t  on t h e  end of a f l e x i b l e  c o i l  th rough t h e  p l a s t i c  tube u n t i l  i t  j u s t  
emerges from t h e  t i p  (F ig .  l b ) .  Runs were s e l e c t e d  f o r  a n a l y s i s  w i t h  an i s o -  
lated crystal growing i n  t h e  p lane of v iewing,  e i t h e r  h o r i z o n t a l l y  or a t  an 
ang le  as requi red.  Convect ion occurs f r o m  t h e  d e n d r i t e  t i p ,  and i s  r e a d i l y  
v i s i b l e  f o r  s o l u t i o n s  M > 1.0. Since sodium s u l f a t e  i s  removed p r e f e r e n t i a l l y  
f r o m  s o l u t i o n ,  buoyant f l u i d  remains, which convects upwards (F ig .  1 7 ) .  The 
growth v e l o c i t y  of t h e  d e n d r i t e  t i p ,  and t h a t  of t h e  convec t ing  plume ( t h e  
s t a r t i n g  plume t i p  or i r r e g u l a r i t i e s  on t h e  r i s i n g  plume) i s  measured d i r e c t l y  
f rorn t h e  VCR or movie image. Th is  f i g u r e  shows a plume emerging f r o m  t h e  
n u c l e a t i n g  tube ( a )  r i s i n g  s t r a i g h t  up, whereas t h a t  f r o m  t h e  growing d e n d r i t e  
t i p  i s  bent as it r i s e s  f r o m  t h e  growing c r y s t a l  t i p  (b) .  Th is  i n d i c a t e s  t h a t  
t h e  plume i s  a c c e l e r a t i n g  away f r o m  t h e  c r y s t a l  t i p .  There i s  a f i n i t e  p e r i o d  
and d i s t a n c e  p r i o r  t o  t h e  plume detach ing  f r o m  t h e  t i p  (F ig .  18), which i n -  
creases w i t h  c o n c e n t r a t i o n  and supercoo l ing  (F ig .  19a). As t h e  supercoo l ing  i n -  
creases t o  > - 8" C, t h e r e  comes a d i s t a n c e  when t h e  plume f a i l s  t o  detach a t  
a l l  and cannot be observed d u r i n g  t h e  course of t h e  exper iment because c r y s t a l s  
grow r a d i a l l y  ou t  f r o m  t h e  n u c l e a t i n g  tube and f i l l  t h e  whole volume b e f o r e  con- 
v e c t i o n  begins. C r y s t a l s  growing upwards w i t h  t h e  plume grow s i g n i f i c a n t l y  
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Phase diagram f o r  sodium s u l f a t e  - H20 solut ion.  Point  A 
represents condit ions of a supersaturated solut ion,  2.2 M; 
supercooled by 6.9'C. On nucleat ion,  c r y s t a l s  grow wi th  a 
d r i v i n g  f o r c e  equivalent  t o  the  i n t e r s e c t i o n  of the  horizon- 
t a l  l i n e  w i th  the  equi l ibr ium,  &I = 0.8 M 
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Flu. 17 Sodium S u l f a t e  Decahydrate C r y s t a l s  Growing i n t o  Supersaturated 
So l iJ t ion  f rom a n u c l e a t i o n  t e f l o n  tube below t h e  surface. 
Three c r y s t a l s  a r e  v i s i b l e ;  a t i n y  one a t  3 o ' c l o c k ,  t he  
l o n g e s t  one (whose .growth r a t e  was measured) a t  ? o'clock, and 
one growing downward a t  5 o ' c l o c k .  The t w o  v e r t i c a l  l i n e s  
( a ,  b )  a t  t h e  l e f t  a re  t h e  plumes of depleted s o l u t i o n .  
Growing c r y s t a l s  appear dark,  because the  p i c t u r e  i s  p r i n t e d  
f r o m  Plus-X Reversal 16 mn movie f i l m .  3.0 M, AT = 4.3' C. 
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a )  3.0 M, AT = 4 . 3 O  C, 
d = 0.16 cm, R = 0.02 cm s-1. 
b )  3.0 M, AT = 7.7' C, 
d = 1.7 cm, R = 0.2 cm s-1. 
c )  2.5 M, AT = 7.2O C, 
d = 0.6 cm, R = 0.1 cm s-1 .  
d )  2.5 M, AT = 8.9O C, 
d = 1.8 cm, R = 0.2 cm s-1 .  
a) 
i 
Fig .  18: Comparison o f  C h a r a c t e r i s t i c  Length, d, w i t h  Supercool ing and 
Concent ra t ion  sodium s u l f a t e  decahydrate. 
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Fig* ( a )  Re la t ion  of c h a r a c t e r i s t i c  length  and supercooling for  plume detachment 
f o r  a c r y s t a l  of sodium s u l f a t e  decahydrate growing h o r i z o n t a l l y .  
I 
i .  
59 
s lower  whereas those growing downwards grow f a s t e r .  Downward growth d i f f e r s  
f r o m  h o r i z o n t a l  growth by x 1.5 ( 3  M, 4.3' supercoo l ing) .  The sequence i n  a 
Mach Zender i n t e r f e r o m e t e r  shows a plume r i s i n g  f rom a growing t i p ,  t h e  i n t e r -  
f e r e n c e  p a t t e r n  around t h e  t i p  i n d i c a t i n g  t h a t  t h e  i n i t i a l  plume i s  q u i t e  narrow 
- 0.2 mn (F ig.  19b). 
F u r t h e r  i n s i g h t  i n t o  t h e  p lume-crysta l  i n t e r a c t i o n  can be obta ined by moving 
t h e  growing c r y s t a l  through t h e  s o l u t i o n .  The plume bends back from t h e  moving 
c r y s t a l ,  b u t  i s  now almost a s t r a i g h t  l i n e ,  t h e  a c c e l e r a t i n g  r e g i o n  be ing  
s h o r t e r  (F ig .  20, 21). These photographs c l e a r l y  show r i s i n g  plumes f r o m  each 
c r y s t a l  t i p ,  w i t h  a d d i t i o n a l  plumes r i s i n g  f r o m  sideways growing c r y s t a l s  behind 
t h e  l e a d i n g  c r y s t a l .  The p r e c i s e  geometry i s  d i f f i c u l t  t o  determine f r o m  a 
s i n g l e  photograph. The s t a r t i n g  plume v o r t e x  can be c l e a r l y  seen i n  F igs.  -206, 
b, c. 
ii. C r y s t a l l i z a t i o n  of I c e  f rom NaCl s o l u t i o n .  
I *  
S i m i l a r  exper iments were c a r r i e d  ou t  w i t h  i c e  i n  supercooled NaCl s o l u t i o n .  
No e f f e c t  of convec t ion  cou ld  be seen M < 0.2, nor  i n  pure water o r  pure D20. 
Experiments were c a r r i e d  ou t  f o r  0.2, 0.5, 1.0 M and a l s o  sea water whi.ch showed 
downward convec t ion  as NaCl  i s  r e j e c t e d  p r e f e r e n t i a l l y  a t  t h e  growing i c e -  
s o l u t i o n  i n t e r f a c e  f r o m  h o r i z o n t a l  growing d e n d r i t e  t i p s  (F ig .  22). The s t a r t i n g  
plume v o r t i c e s  can be c l e a r l y  seen (a-c).  N o t i c e  t h a t  t h e  plume o s c i l l a t e s  
downstream f r o m  t h e  moving c r y s t a l  ( f - h ) .  The convect ion plume i s  n o t  so c l e a r  
as i n  sodium s u l f a t e  s o l u t i o n ,  however t h e  general  c h a r a c t e r i s t i c s  a re  s i m i l a r .  
Under s t a t i o n a r y  c o n d i t i o n s ,  t h e r e  i s  a g r e a t e r  detachment d is tance,  and as t h e  
c r y s t a l  i s  moved, t h e  plume i s  bent back f r o m  t h e  moving c r y s t a l ,  and remains 
a t t a c h e d  . 
iii. Role of v e n t i l a t i o n  on growth. 
I n  bo th  cases, sodium c h l o r i d e  and sod 
detached f r o m  t h e  c r y s t a l  i s  independent of 
um s u l f a t e ,  t h e  plume v e l o c i t y  once 
c r y s t a l  t r a n s p o r t  v e l o c i t y ,  as would 
h .  60 
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VT .. 0 at t = 29 s 
i. t = 5 7 s  
Stationary 
1 cm 
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Fig.  20 Plume f rom a m o v i n g  c r y s t a l  i n  1.0 M NaZS04 s o l u t i o n .  
S u p e r c o o l i n g  IT = 5.5" C .  C r y s t a l  moved l e f t  t o  r i g h t  
a t  0.26 cm s - l  between t = 17 s arld t = 29 s .  
a. t = O  
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b. t = 5 s  c. t =  1 5 s  
Stat io na ry 
d. t = 2 2 s  e. t = 42 s 
. 
1 VT +0 .15crns-  a t t = 1 7 s  
f. t = 67 s 
h. t = 104 s g. t = 101 5 
Stationary 
VT + 0 at t = 78 s 
1 cm 
H 
Fig.  21 Plume f rom a m o v i n g  c r y s t a l  i n  2.5 rut NaZS04 so l? r t ion .  
Supercool ing ,AT = 4.8" C.  C r y s t a l  moved l e f t  t o  r i g h t  
d t  0.15 crn s - 1  between t = 17 s and t = 73 s.  
a,  5 ,  c show t h e  s t a r t i n g  plume. 
a. t = O  
Stationary 
c. t = 37 s d. t = 40 s 
1 VT * 0.15 cm S- at t = 34 s 
e. t  = 43 s 
- 1. t = 50 s g. t = 5 7 s  
h. t = 6 1 s  i. t = 64 s j .  t = 6 7 s  
VT + 0 at t = 59 Stationary 
1 cm 
H 
F i g .  22 Success ive  stages of plume behavior  of i c e  c r y s t a l s  growing 
i n  1.0 M N a C l  so lu t i on .  Supercool in  ,;T = 0.5" C.  C r y s t a l  
moved l e f t  t o  r i g h t  A t  0.15 crn s - ?  between t = 33 s and 
t = 59 5. 
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be expected. The c r y s t a l  growth r a t e  increases w i t h  t r a n s p o r t  v e l o c i t y ,  and 
a l s o  w i t h  supercool ing.  C r y s t a l  t i p  dimensions are  a p p a r e n t l y  smal le r  w i t h  
increased supercool i n g  and t r a n s p o r t  r a t e ,  b u t  cou ld  no t  be a c c u r a t e l y  measured 
i n  t h e  experiments because of t h e  l o n g  work ing d is tance.  F ig .  23 shows c r y s t a l  
growth v e l o c i t y  and convec t ive  v e l o c i t y  f o r  decahydrate c r y s t a l s  a t  d i f f e r e n t  
m o l a r i t i e s  f o r  a g iven  supercool ing,  under s t a t i o n a r y  c o n d i t i o n s .  Both growth 
r a t e s  and convec t ive  v e l o c i t i e s  inc rease w i t h  supercoo l ing  and become equal a t  a 
c r i t i c a l  va lue  of supercool ing,  between 6 and 7' C. Moving t h e  c r y s t a l  increases 
growth ra te ,  b u t  a t  h i g h e r  supercoo l ing  has l e s s  e f f e c t .  Fig. 24 shows t h e  
e f f e c t  of moving c r y s t a l  a t  0.15 cm s-l th rough a 2.5 M s o l u t i o n ,  g i v i n g  an 
i n c r e a s e  i n  growth v e l o c i t y  compared w i t h  t h e  s t a t i o n a r y  case. The c o n v e c t i v e  
v e l o c i t y  inc rease i s  not s i g n i f i c a n t .  Convect ive v e l o c i t y ,  and c r y s t a l  growth 
v e l o c i t y  f o r  i c e  growth i n  var ious  c o n c e n t r a t i o n s  of sodium c h l o r i d e  so lu t i -on  
! *  
and sea water  (F igs.  25 t o  28). Here a1 so convec t ive  v e l o c i t y  and growth ve lo -  
c i t y  inc rease w i t h  supercoo l ing  and become equal a t  supercoo l ing  between 1 and 
2OC. It i s  convenient  t o  use a l o g - l o g  p l o t  t o  d i s p l a y  t h e  e f f e c t s  F ig .  29 
shows growth and convec t ive  v e l o c i t y  f o r  1, and 2 M sodium s u l f a t e  s o l u t i o n  f o r  
a t r a n s p o r t  v e l o c i t y  of 0.26 cm s-l, Fig.  30 f o r  2.5 M s o l u t i o n  w i t h  0.15 cm s- l  
t r a n s p o r t  v e l o c i t y ,  Fig.  31 shows comparable r e s u l t s  f o r  sodium c h l o r i d e .  The 
e f f e c t  of t r a n s p o r t  v e l o c i t y  on growth i s  shown i n  F ig .  32 f o r  a supercoo l ing  of 
- 5.5' C f o r  sodium s u l f a t e  s o l u t i o n s ,  F ig .  33 f o r  supercoo l ing  of 1, 2' f o r  
sodium c h l o r i d e  s o l u t i o n s .  There i s  no s i g n i f i c a n t  e f f e c t  of t r a n s p o r t  on con- 
v e c t i v e  v e l o c i t y  i n  e i t h e r  case. C r y s t a l  growth v e l o c i t i e s  have been ext rapo-  
l a t e d  back t o  - 0.1'C cm s-1. T h i s  demonstrates a p o s s i b l e  e f f e c t  of a g iven 
c o n v e c t i v e  v e l o c i t y  on growth, which would be s lower  i f  t h e  c r y s t a l  grew i n  
low g. 
I t  i s  e v i d e n t  f r o m  these r e s u l t s  t h a t  t h e r e  e x i s t  a r e g i o n  of supercoo l ing  
where low g r a v i t y  and t h e  absence of convec t ion  cou ld  l e a d  t o  d i f f e r e n t  growth 
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Growth and convec t i ve  v e l o c i t y  f o r  Na2S04.10H20 c r y s t a l s  i n  
2.5 M Na2S04 supersa tura ted  s o l u t i o n  as a f u n c t i o n  of super- 
coo l i ng .  Moved a t  a v e l o c i t y  VT = 0.15 cm 5 - 1  th rough the  
s o l u t i o n .  
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Ice c r y s t a l  growth under s t a t i o n a r y  and 0.12 cm s-l t r a n s p o r t  
v e l o c i t y  i n  0.2 M NaCl s o l u t i o n .  
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SUPERCOOLING ("c ) 
Fig.  26 Growth and convec t i ve  v e l o c i t y  f o r  . ice i n  0.4 M NaCl super- 
coo l  ed sol u t i  on as a f u n c t i o n  of supercool i ng . Transpor t  
v e l o c i t y  VT = 0.17 cm sol. 
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Fig.  28 Growth and convec t i ve  v e l o c i t y  f o r  i c e  i n  supercooled sea 
water  as a f u n c t i o n  of s u p e r c o o l i l n g  a t  t r a n s p o r t  v e l o c i t y  
VT = 0.15 cm S-1. 
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Fig. 29 Growth and c o n v e c t i v e  v e l o c i t y  f o r  1.0 M and 2.0 M sodium 
s u l f a t e  s o l u t i o n .  Transpor t  v e l o c i t y  V T  = 0.26 cm s-1. 
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Fig.  30 Growth and convec t i ve  v e l o c i t y  f o r  sodium s u l f a t e  2.5 M so lu -  
t i o n .  Transpor t  v e l o c i t y  VT = 0.15 cm s-1. 
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v e l o c i t y  f o r  d i f f e r e n t  m o l a r i t i e s ,  supercoo l i ng  5.5' C. Arrows 
i n d i c a t e  expected growth r a t e  i n  low g i n  absence of convec t ion  
observed i n  1.0 g. 
7 5  
0.5 
0.4 
0.3 
0.2 
0.1 
- AT2'C 
t' ! a T l ° C  
-0.1 0 0.1 0.2 0.3 
TRANSPORT VELOCITY VT(cm sec-') 
F ig .  33 I c e  c r y s t a l  g rowth  r a t e  and c o n v e c t i o n  v e l o c i t i e s  a t  d i f f e r e n t  
t r a n s p o r t  v e l o c i t y  f o r  NaCl s o l u t i o n ,  0.2 M and 1.0 M. Arrows 
i n d i c a t e  expected growth r a t e  i n  low g i n  absence of c o n v e c t i o n  
observed i n  1.0 g. 
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ra tes .  For bo th  substances growth r a t e s  and convec t ion  r a t e s  become equal a t  a 
c r i t i c a l  supercool ing;  f o r  bo th  substances t h e r e  e x i s t s  a temperature where t h e  
d i f f e r e n c e  between convec t ion  r a t e  and growth r a t e  i s  a maximum. This  decreases 
w i t h  v e n t i l a t i o n  and e v e n t u a l l y  d isappears f o r  U - 0.04 cm s-l (decahydrate)  and 
U - 0.08 cm s-l ( I c e  i n  NaC1). For b o t h  substances r e l a t i o n s h i p s  of Fig.  32, 33 
can be used t o  p r e d i c t  growth r a t e s  i n  low g (arrowed) i n  t h e  absence of k i n e t i c  
e f f e c t s .  
b. Low g r a v i t y  exper iments:  des ign c r i t e r i a .  
The r e s u l t s  discussed above d e l i n e a t e  optimum s i t u a t i o n s  f o r  f i n d i n g  an 
e f f e c t  of low g on growth. It i s  immediate ly  e v i d e n t  f r o m  Fig.  24, 28 t h a t  
i n c r e a s i n g  t r a n s p o r t  v e l o c i t y  increases c r y s t a l  growth r a t e ;  s p e c i f i c a l l y  an 
i n c r e a s e  f r o m  zero ( ie. ,  n a t u r a l  convec t ive  v e l o c i t y )  t o  0.12 cm s - 1  i nc reases  
t h e  l i n e a r  growth v e l o c i t y  b y  between a f a c t o r  of 1.5 and 2. Simi la r ly ,  i t  
appears ev ident  t h a t  a t  h i g h e r  t r a n s p o r t  v e l o c i t i e s  t h a t  t h e  growing t i p  i s  w e l l  
ahead of t h e  n a t u r a l l y  convec t ing  plume (F ig.  19, 22) so t h a t  no e f f e c t  would be 
expected. 
An e f f e c t  would however be expected f o r  s t a t i o n a r y  c r y s t a l s  where c o n v e c t i v e  
v e l o c i t i e s  a re  - l e s s  than t h e  c r y s t a l  growth v e l o c i t y ,  and g r e a t e r  than a ve lo -  
c i t y  which, w i t h i n  t h e  exper imenta l  e r r o r  of (F ig .  32), would g i v e  a measurable 
i n c r e a s e  because of t h e  s e l f - i n d u c e d  mot ion - say, 0.02cm s-1. Hence, i f  such 
exper iments were c a r r i e d  ou t  under low g, i t  would be expected t o  see a decrease 
i n  growth v e l o c i t y  below t h a t  shown i n  F ig .  32 t o  a va lue e q u i v a l e n t  t o  a t r a n s -  
p o r t  v e l o c i t y  of between -0.05 and -0.1 cm s-l. 
The low g s t u d i e s  were designed t o  i n v e s t i g a t e  t h e  c r y s t a l l i z a t i o n  v e l o c i t y  
of s o l u t i o n ,  bo th  i c e  i n  NaCl and decahydrate f r o m  s o l u t i o n  w i t h  supercoo l ing  
about 1/2 - 1' C and 3 - 4' C r e s p e c t i v e l y .  These supercool ings g i v e  growth r a t e s  
between 100 and 200 m s-1  i n  b o t h  cases, which would be expected t o  be reduced 
b y  about a f a c t o r  of 0.5 under low g i f  t h e  e x t r a p o l a t i o n s  of  Fig.  24 a r e  v a l i d .  
, 
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One f u r t h e r  c o n s i d e r a t i o n  of t h e  low g exper iment i s  t h e  r a p i d i t y  with which 
such n a t u r a l  convec t ion  w i l l  d i e  out.  Th is  has a l r e a d y  been discussed (Table 1, 
p. 25) f o r  a c r y s t a l  of t i p  dimension O.lcm, ‘I - = 1 s f o r  pure water and 0.1 0.01 
- 0.1 s f o r  sodium s u l f a t e  s o l u t i o n  w i t h  v - 0.1 ( F i g .  A3). Thus t h e  decelera-  
t i o n  of t h e  convec t ion  on e n t e r i n g  low g and i t s  a c c e l e r a t i o n  on reach ing  h i g h  g 
should be r e a d i l y  observable.  The next  s e c t i o n  shows t h a t  t h i s  i s  indeed t h e  
case. 
c. C r y s t a l l i z a t i o n  under v a r y i n g  g r a v i t y .  
i . Sodium s u l f a t e  decahydrate. 
F ig .  34 shows t h e  in te r fe rograms from a sequence from 10-3 g t o  > 1.2 g. For 
c r y s t a l l i z a t i o n  of decahydrate a t  2 1 . 8 O C ,  e q u i v a l e n t  t o  a supercoo l ing  of 5.OoC. 
- A buoyant plume was e m i t t e d  f r o m  t h e  c a p i l l a r y  t i p  j u s t  p r i o r  t o  e n t r y  i n t q  
l o w  g; t h i s  remained almost unchanged as c r y s t a l s  grew (a - 9) .  A c r y s t a l  moved, 
p o s s i b l y  by s u r f a c e  t e n s i o n  e f f e c t s ,  i n t o  t h e  f i e l d  of view p o i n t i n g  downwards 
h a l f w a y  through t h e  parabola.  Wi th  p u l l o u t ,  t h i s  convec t ive  plume acce le ra ted  
( h  - z )  and, a t  t h e  same t ime,  two convec t ive  plumes (2, 3 )  detached f r o m  t h e  
h o r i  z o n t a l l  y growi ng c r y s t a l  and acce le ra ted  upwards (j - m: these eventual  1 y 
merge). Meanwhile, a c r y s t a l  ( c )  began growing v e r t i c a l l y  downwards, as g 
inc reased ( c r y s t a l  3: 1-h) presumably responding t o  a v e r t i c a l  plume r i s i n g  pas t  
i t s  t i p  - t h i s  plume i s  no t  however seen i n  t h e  i n t e r f e r o m e t e r  as i t  appears t o o  
narrow i n  v e r t i c a l  f l o w .  The d i f f u s i o n  d i s t a n c e  of s o l u t e  d u r i n g  t h e  course of 
t h e  exper iment i s  J D x t . With D = cm2 s - l  t h i s  g ives  a d i s t a n c e  of 
100 pm i n  10 s which i s  b a r e l y  reso lved b y  t h e  Mach Zender o p t i c s .  It i s  noted 
t h a t  t h e r e  e x i s t s  sharp g r a d i e n t s  across t h e  r i s i n g  plume which p e r s i s t  f o r  
> 10 s (a-9).  Compare c r y s t a l s  D, E. Measurements of t h e  c r y s t a l  growth ve lo -  
c i t y  a re  shown i n  Fig.  35. The h o r i z o n t a l l y  o r i e n t e d  c r y s t a l s  (A, B, Fig. 34h) 
change l i t t l e  i n  growth r a t e  d u r i n g  t h e  change of g r a v i t y .  The reason f o r  t h i s  
i s  apparent f r o m  t h e  p o s i t i o n  of t h e  convec t ive  plume; i t  detaches f rom t h e  
Fig.  34 C r y s t a l  growth and convec t ion  i n  2.3 M sodium s u l f a t e  s o l u t i o n .  
(a -x )  Nuc lea t ion  was achieved by i n s e r t i n g  a decahydrate c r y s t a l  i n t o  t h e  
tube. I n i t i a l  e q u i l i b r i u m  temperature 27.OoC; i n i t i a l  supercoo l ing  
5.1OC g i v i n g  AnA = 0.06 ( A  = .6328 un) ( f rom Fig. A4). 
Photography of a growing c r y s t a l  began i n  low g r a v i t y  ( a ) ,  con t inued 
f o r  17 s a t  g - 0.05 + .02 ( w i t h  v a r i a b i l i t y  due t o  atmospher ic t u r -  
bu lence)  and then c o n t f i u e d  as g increases t o  > 1.2 g. Growth r a t e s  
a r e  g iven f o r  c r y s t a l  A, B, C, h i n  Fig.  35. 
A plume of low d e n s i t y  had emerged f r o m  t h e  c a p i l l a r y  ( k ,  1 )  and i s  
e s s e n t i a l l y  s t a t i o n a r y  d u r i n g  low g, b u t  acce le ra ted  upward as g 
increased. Two o t h e r  plumes r i s e  f rom t h e  h o r i z o n t a l  c r y s t a l s  as gra- 
v i t y  increases k 2, 3. The main s e t  of f r i n g e s  are f r o m  monochromatic 
l i g h t  (0.6328 prn) w i t h  f r i n g e  spacing and d e t a i l  i n  un i form d e n s i t y  
r e s u l t i n g  f r o m  inhomogeni t ies i n  t h e  c o n t a i n e r  and t h e  angu lar  o f f s e t  
o f  t h e  m i r r o r s .  The c l o s e  f r i n g e s  shown a t  t h e  bottom of t h e  c e l l  
r e s u l t s  f r o m  t h e  c u r v a t u r e  of t h e  g lass.  Narrow d i f f r a c t i o n  f r i n g e s  
occur  around a l l  reg ions  of sharp d i s c o n t i n u i t y ,  and are  ignored i n  
t h i s  ana lys is .  
Sequence 1: a - p shows c r y s t a l  growth and plume development going f r o m  , 
Sequence 2 :  q - x shows plume development i n  h i g h  g, decreas ing on e n t r y  
l o w  t o  h i g h  g. , *  
i n t o  low g. 
The boundary l a y e r  .around t h e  downward o r i e n t e d  c r y s t a l  D ( t )  remains 
unchanged f r o m  h i g h  g t o  low g, b u t  increases as g increases (w, x ) .  
The 'boundary l a y e r  around t h e  s l a n t  c r y s t a l  E ( t )  decreases i n  t h i c k n e s s  
as t h e  t i p  convec t ion  decreases and f i n a l l y  ceases i n  low g. 
C r y s t a l s  s t i l l  move around under low g presumably because of c a p i l l a r y  
e f f e c t s .  
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Fig. 35 Crysta l  growth r a t e s  and plume r ise  v e l o c i t y  during g r a v i t y  change from 
low t o  high. Data from Fig. 3 4 , r A  B C ,hi 12 3 I k- 
1 ead 
F ig.  
ng t i p  of t h e  c r y s t a l s .  By c o n t r a s t ,  t h e  v e r t i c a l  
34h) acce le ra tes  i n  growth r a t e  as g increases from 
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y o r i e n t e d  c r y s t a l  ( C ,  
0.01 t o  0.2 t o  0.4, t o  
a va lue  of 0.186 - + ,005 cm s-l a t  1.0 g. The w i d t h  growth r a t e  of t h e  c r y s t a l  
does apparent ly  change as t h e  convec t ive  plume r i s e s  back f rom t h e  t i p  (Fig.35). 
The t i p  of t h e  convec t ion  acce le ra tes  as i t  r i s e s  w i t h  t h e  v e r t i c a l l y  moving 
plume a c c e l e r a t i n g  more q u i c k l y  than t h e  e longated plumes f rom t h e  h o r i z o n t a l  
c r y s t a l s ,  a l though t h e  maximum v e l o c i t i e s  recorded (0.2 cm s-1) a r e  comparable. 
S i m i l a r l y ,  a buoyant v o r t e x  r i n g  generated by growth f r o m  a f a l l e n  c r y s t a l  per-  
s i s t s  as i t  r i s e s ,  (F ig .  36, 37a). The i s o l a t e d  vor tex  r i n g  r i s e s  somewhat 
s lower  than t h e  t i p  of a s t a r t i n g  plume f r o m  a newly i n i t i a t e d  source (F ig.  37b, 
c ) .  It i s  c l e a r  f r o m  t h e  f i g u r e s  t h a t  t h e r e  i s  a s t i l l i n g  t i m e  of a few seconds 
as g r a v i t y  changes, and t h a t  once l o w  g i s  a t t a i n e d ,  d i f f u s i o n  over  t h e  p e r i o d  
o f  observa t ion  i s  slow. The wakes v i s i b l e  i n  F ig .  36 show p e r s i s t e n c e  o v e r ] t e n s  
o f  seconds, which i s  c o n s i s t e n t  w i t h  t h e  low d i f f u s i o n  r a t e s  of so lu te .  l lnder 
c o n t r o l l e d  c o n d i t i o n s ,  t h i s  would p r o v i d e  an i d e a l  way of measuring d i f f u s i o n  
c o e f f i c i e n t s  comple te ly  un in f luenced by mot ion.  T h i s  techn ique would s i m i l a r l y  
p r o v i d e  o p p o r t u n i t y  f o r  v e r i f y i n g  t h e o r e t i c a l  concepts of plume and v o r t e x  r i n g  
mot ion,  s i n c e  i n e r t i a l  e f f e c t s  can be separated c o m p l e t e l y  f r o m  buoyancy e f f e c t s  
under low g. It i s  emphasized t h a t  i n  these photographs t h e  l i n e  of s i g h t  
d imension g i v i n g  r i s e  t o  t h e  r e f r a c t i v e  index d i f f e r e n c e  i s  unknown, so t h a t  we 
need t o  i n t e r p r e t  t h e  o p t i c a l  pa th  d i f f e r e n c e s  i n  terms of t h e  geometry of t h e  
system - a v o r t e x  r i n g  w i th  minimum d e n s i t y  i n  a doughnut and a plume w i t h  m i n i -  
mum d e n s i t y  i n  t h e  c e n t e r  as a sausage be ing  an incomplete,  t r a n s i e n t  v o r t e x  
r i n g  a t  t h e  r i s i n g  t i p .  
The second parabola some 50 seconds l a t e r  shows a d d i t i o n a l  c r y s t a l s  growing 
f rom t h e  c o n t a i n e r  w a l l ;  i n  t h i s  case w i t h  q u i t e  d i s t i n c t  f a c e t s  (F ig .  34 g-k) .  
The temperature had r i s e n  1' over  t h i s  per iod ,  g i v i n g  a lower  supersa tura t ion .  
Fo l  1 owing t h e  second parabol  a severa l  new convec t ive  p l  umes appeared r i  s i  ng w i t h  
comparabl e v e l o c i t y .  
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F u r t h e r  i n t o  t h e  c r y s t a l l i z a t i o n  process a more general  f l u i d  mot ion  became 
e v i d e n t  on t h e  s c a l e  of t h e  c e l l  i t s e l f  as can be seen f r o m  t h e  displacement of 
f r i n g e s  towards t h e  edge of t h e  c e l l  away f r o m  t h e  i n d i v i d u a l  c r y s t a l s .  
ii. I c e  i n  supercooled sodium c h l o r i d e .  
V i s i b l e  convec t ion  does n o t  u s u a l l y  occur f rom t h e  t i p s  of i c e  d e n d r i t e s  
growing e i t h e r  h o r i z o n t a l l y  o r  v e r t i c a l l y ;  t h e r e  i s  a p p a r e n t l y  no d i r e c t  e f f e c t  
even i n  h i g h  g. This  i s  somewhat a t  var iance w i t h  t h e  plume shown i n  t h e  
l a b o r a t o r y  s tudy  i n  Fig.  22. Such a plume was ob ta ined o n l y  i n f r e q u e n t l y  i n  t h e  
l a b o r a t o r y  study, as opposed t o  t h e  sodium s u l f a t e  plume which occurred i n  every  
case and may be r e l a t e d  t o  some acc ident  of t h e  d e n d r i t e  s t r u c t u r e  o r  motion. 
However, once t h e  i n i t i a l  d e n d r i t e s  have grown, t h e r e  appears t o  be a secondary 
growth which i s  more e f f e c t i v e  i n  g i v i n g  r i s e  t o  h i g h  d e n s i t y  s a l t  s o l u t i b n  
I .  
which s i n k s  f r o m  t h e  spongy i c e / s o l u t i o n  mix tu re ,  and i s  c l e a r l y  shown i n  t h e  
i n t e r f e r o g r a m s  (F ig.  38). Th is  begins some 10 s a f t e r  t h e  i n i t i a l  growth ( i n  
l o w  g) and r e q u i r e s  a somewhat l o n g e r  p e r i o d  t o  b e g i n  f l o w  f o l l o w i n g  t h e  t r a n -  
s i t i o n  f r o m  low t o  h i g h  g. (F ig .  39). A comparable sequence i s  shown i n  
F ig .  40. On one occasion such a descending plume i n  h i g h  g gave r i s e  t o  exten- 
s i v e  n u c l e a t i o n  of small  i c e  c r y s t a l s  as i t  acce le ra ted  downward (F ig.  41). The 
plume extended downward some 2 cm f r o m  t h e  n u c l e a t i n g  s i t e .  C r y s t a l s  sub- 
s e q u e n t l y  rose under t h e i r  own buoyancy a l though t h e  i n i t i a l  mass r e t a i n e d  i t s  
i d e n t i t y .  The l a c k  of d i s t o r t i o n  i n  t h e  i n t e r f e r o g r a m  shows t h a t  t h e  d i f f u s i o n  
of s o l u t e  f r o m  t h e  c r y s t a l  plume i s  n e g l i g i b l e .  
It f o l l o w s  t h a t  i n  general  t h e r e  are  two d i s t i n c t  convec t ion  regimes asso- 
c i a t e d  w i t h  d e n d r i t e  growth i n  s o l u t i o n .  Type I, (as w i t h  sodium s u l f a t e  deca- 
h y d r a t e )  convec t ion  takes p l a c e  f r o m  t h e  i n d i v i d u a l  d e n d r i t e ,  and has t h e  
c a p a b i l i t y  of i n c r e a s i n g  t h e  t i p  growth v e l o c i t y  w i t h  i n c r e a s i n g  o r i e n t a t i o n  of 
growth d i r e c t i o n  towards t h e  g r a v i t y  d i r e c t i o n .  
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Type I 1  on t h e  o t h e r  hand as w i t h  i c e  i n  sodium c h l o r i d e ,  f a i l s  t o  i n i t i a t e  
convec t ion  u n t i l  w e l l  a f t e r  t h e  d e n d r i t e  growth f r o n t  has passed, i r r e s p e c t i v e  
o f  t h e  o r i e n t a t i o n .  Convect ion e v e n t u a l l y  begins f rom t h e  b u l k  of t h e  d e n d r i t e  
mass i n  d e f i n i t e  dra inage channels, l e a d i n g  t o  laminar  descending plumes. 
The t i m e  cons tan t  f o r  convec t ion  i n  t h e  f i r s t  case i s  sub jec ted  t o  an i n -  
c r e a s i n g  d i f f u s i o n  boundary l a y e r  th ickness  which detaches as i t s  dimension 
becomes l a r g e  enough ( t h e  c r i t e r i o n  f o r  convect ion,  Ra i s  p r o p o r t i o n a l  t o  d 3 ) ;  
i n  t h e  second case t h e  reason appears t o  be r e s i d u a l  c r y s t a l l i z a t i o n  i n  t h e  
c r y s t a l  mesh r e j e c t i n g  f u r t h e r  s o l u t e  u n t i l  t h e  bouyancy i s  s u f f i c i e n t l y  l a r g e  
t o  produce convect ion.  This  c r y s t a l l i z a t i o n  p e r s i s t s  over  an extended p e r i o d  of 
t i m e  f o r  sodium s u l f a t e ,  g i v i n g  r i s e  t o  l o c a l  mot ion i n  t h e  c r y s t a l  i n t e r s t i c e s  
and r e s u l t s  i n  a s low c r y s t a l l i z a t i o n  c o n s i s t e n t  w i t h  t h e  slow i n c r e a s e  of tem- 
! *  p e r a t  u r e  . 
S i g n i f i c a n t  quest ions remain concern ing t h e  r a t e  of mass c r y s t a l l i z a t i o n  of 
an i s o l a t e d  g i v e n  volume of s o l u t i o n ,  and t h e  phys ics  of t h e  process of c r y s t a l -  
1 i z a t i o n ,  r e c r y s t a l l i z a t i o n  and Ostwald r i p e n i n g  over  t imes long compared w i t h  
t h e  i n i t i a l  growth of d e n d r i t e s  f o l l o w i n g  nuc lea t ion .  
I n f l u e n c e  of v e n t i l a t i o n  on c r y s t a l  growth v e l o c i t y  
It i s  e v i d e n t  t h a t  i n c r e a s e  of v e n t i l a t i o n  increases c r y s t a l  growth v e l o c i -  
t i e s  bo th  f o r  s o l u t i o n  and vapor phase growth. The f u n c t i o n a l  dependence on 
v e l o c i t y  r e f l e c t s  a complex s e r i e s  of p h y s i c a l  processes. It i s  necessary t o  
d i s t i n g u i s h  between these cases where t h e  c r y s t a l s  r e t a i n  a f a c e t e d  p e r i p h e r y  
w i t h  unchanging aspect r a t i o  - t h i s  appears t o  be t h e  case f o r  NaN03 i n v e s t i -  
gated b y  K i  rkova and N i  kolaeva (1983) and f o r  sodium decahydrate, Chen e t  a1 . , 
1979 - from those cases where t h e  c r y s t a l  aspect r a t i o  changes, and i n  t u r n  f rom 
t h o s e  cases t h e r e  comes sprout  t o  g i v e  d e n d r i t e s  o r  needles. I n  t h e  former case, 
growth r a t e  increases,  i n i t i a l l y  l i n e a r l y  w i t h  v e l o c i t y  t o  a maximum value, f o r  
v e n t i l a t i o n  between 5 and 15 cm s - 1  i n c r e a s i n g  w i t h  supersa tura t ion .  Th is  can 
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be i n t e r p r e t e d  as a r e d u c t i o n  of t h e  boundary l a y e r  th ickness  such t h a t  t h e  
c r y s t a l l i z a t i o n  process i s  dominated e n t i r e l y  by k i n e t i c  e f f e c t s  and t h e  sur-  
f a c e  s u p e r s a t u r a t i o n  approaches t h a t  of t h e  environment. I n  t h e  l a t t e r  case, 
f o r  i c e  f r o m  t h e  vapor i n  a i r  t h e  v e l o c i t y  dependence found b y  b o t h  K e l l e r  and 
H a l l e t t  (1982) and Alena and H a l l e t t  (1987) shows a v e l o c i t y  dependence which 
inc reases  s l o w l y  a t  f i r s t  and approaches V1/2 o n l y  a t  v e l o c i t i e s  > 10 cm s - 1  where 
heat/mass t r a n s f e r  dominate (see Miksch, 1969; Cantor e t  a l ,  1972).  These 
changes are assoc ia ted  w i t h  t h e  t r a n s i t i o n  of a t h i c k  c r y s t a l  t o  a t h i n n e r  
c r y s t a l  t o  needle o r  d e n d r i t e  sprouts ,  and shares comparable behavior ,  o n l y  w i t h  
d i f f e r e n t  geometry f o r  c o l  umn + need1 es and p l a t e s  + dendr i tes .  
The s u p e r s a t u r a t i o n  dependence of growth r a t e  shows a s i m i l a r l y  compl icated 
behavior ,  as t h e  shape of t h e  c r y s t a l  changes. A s a t i s f a c t o r y  t h e o r y  i s  d f f -  
f i c u l t  t o  fo rmula te ,  s i n c e  t h e  p h y s i c a l  processes r e s p o n s i b l e  f o r  these t r a n -  
s i t i o n s  a r e  e v i d e n t l y  r e l a t e d  t o  changing s u r f a c e  k i n e t i c  processes a t  d i f f e r e n t  
p l a c e s  on t h e  c r y s t a l  i n  r e l a t i o n  t o  f l u i d  motion. A p i c t u r e  can be hypothe- 
s ized,  t h a t ,  as t h e  l o c a l  s u p e r s a t u r a t i o n  increases,  a t r a n s i t i o n  f r o m  d e f e c t  
growth t o  corner  s u r f a c e  n u c l e a t i o n  occurs - t h e  absence of d e f e c t s . f o r  growth 
o f  i c e  p l a t e s  g ives  evidence f o r  t h i s .  With s u p e r s a t u r a t i o n  o r  v e n t i l a t i o n  
increase,  s u r f a c e  n u c l e a t i o n  begins a t  corners where l o c a l  s u p e r s a t u r a t i o n  i s  
g r e a t e s t ;  growth can s t i l l  occur  as f a c e t s  should l a y e r s  propogate r a p i d l y  t o  
t h e  f a c e t  center .  There comes a c r i t i c a l  s u p e r s a t u r a t i o n  where l a y e r s  f a i l  t o  
complete and hopper c r y s t a l s  form; t h e  extreme case i s  t h e  needle o r  d e n d r i t e  
which comple te ly  l a c k  f a c e t s  a t  t h e  t i p .  1 
The l o c a l  s u p e r s a t u r a t i o n  e f f e c t i v e l y  increases as v e n t i l a t i o n  v e l o c i t y  
increases.  The t r a n s i t i o n  p l a t e s  + column shown i n  F ig .  14 under low super- 
s a t u r a t i o n  shows a k i n e t i c  e f f e c t  which would be expected t o  be i n f l u e n c e d  by 
l o w  v e l o c i t i e s  i n  1 g and r e q u i r e  h i g h e r  s u p e r s a t u r a t i o n  i n  low g. The growth 
r a t e s  are much t o o  slow f o r  t h i s  observa t ion  i n  t h e  KC 135 environment,  and 
would r e q u i r e  t h e  l o n g e r  per iods  a v a i l a b l e  i n  t h e  S h u t t l e  o r  space s t a t i o n .  
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t h i  n n i  g of t h  
This  can be q u a n t a t i v e l y  analyzed as f o l l o w s :  
Enhancement of growth by v e n t i l a t i o n  r e s u l t s  f r o m  da r y  
l a y e r ,  t h e  e f f e c t  subsequent ly r e l a t e d  t o  t h e  r a t i o  of t h e  momentum/thermal 
boundary l a y e r  ( P r a n d t l  number) and t h e  momentum/diffusion boundary l a y e r .  I n  a 
gas these a r e  comparable; i n  a water s o l u t i o n  these r a t e s  are 13 and 1600 r e -  
s p e c t i v e l y ;  hence t h e  t r a n s p o r t  of heat and s o l u t e  a r e  c o n t r o l l e d  by t h e  ve lo -  
c i t y  p r o f i l e .  E m p i r i c a l l y ,  t h i s  g ives,  f o r  a sphere; (Pruppacher and K l e t t ,  
1978) enhanced t r a n s p o r t  by t h e  f a c t o r  shown i n  Table 4. 
I n  low g, t h e  v e l o c i t i e s  of t r a n s p o r t  and convec t ion  i n  s o l u t i o n  a r e  
- 0.2cm s - l  and t i p  r a d i i  - 100 pn, so t h a t  t h e  t r a n s p o r t  dependence i s  r i g h t  
i n  t h e  t r a n s i t i o n  regime between U and U1/2. For  growth f rom t h e  vapor, f o r  
f a l l i n g  c r y s t a l s  a t  20-40 cm s-1, t h e  regime i s  c l e a r l y  U1/2. I n  t h e  d i f f u s i o n  
chamber, between 0 and 2 g (F ig .  13)  t h e  l i n e a r  c r y s t a l  growth r a t e  approximp- 
t e l y  doubles. Th is  i m p l i e s  a convec t ion  o r  an imposed v e l o c i t y  of - 2 cm s-1 
( U1/2 dependence) (assuming' a U1l2 dependence a t i p  dimension of 100 p and 
1 .  
2 
v = 0.25 cm s - l  a t  800 mb). I n  one g t h i s  would be e q u i v a l e n t  t o  1.4 cm s-1 
( t r a n s f e r  a gl/*) and i t  remains a ques t ion  as t o  whether such a v e l o c i t y  would 
e f f e c t  a h a b i t  change i f p e r s i s t i n g  f o r  a l o n g  p e r i o d  - f o r  example, would 
columns i n  one g a t  1.4 cm s - l  c o n v e c t i v e  v e n t i l a t i o n  grow as p l a t e s  i n  low g a t  
zero vent i 1 a t  i on? 
9. OVERALL CONCLUSIONS. 
These experiments, a l though l i m i t e d  i n  scope by t h e  s h o r t  low g r a v i t y  t i m e  
( -20  s )  i n  a KC 135 parabola,  l e a d  t o  some i n t r i g u i n g  quest ions.  There appears 
t o  be a r e a l  e f f e c t  i n  growth r a t e  of i c e  d e n d r i t e s  f rom t h e  vapor, w i t h  
h i g h e r  g f o r c e s  g i v i n g  f a s t e r  growth. There i s  a d e f i n i t e  e f f e c t  i n  convec t ion  
bou 
around sodium decahydrate d e n d r i t e s  i n  s o l u t i o n ,  b u t  not  around i c e  d e n d r i t e s  i n  
NaCl s o l u t i o n .  There i s  an e f f e c t  i n  convec t ion  i n  i n t e r s t i c e s  of a c r y s t a l -  
106 
mass: 1 + 8 7 U  
heat:  1 + 3.5 u 
1 + 0.05 U 
heat:  1 + 0.06 U 
so lu t ion  
TABLE 4 
v 2  .78 + 8.7 U 
v 2  .78 + 1.8 U 
.78 + 0.2 uv2 
.78 + .24 U '2 ( U  cm 5-1) 
4 
I mass : 1 + 0.11 S C " ~  Re I 0.78 + .31 Sc 1/3 Re1/2 
U < 0.05 cm s-' (mass) 
U < 0.24 cm s-l ( h e a t )  
f o r  s o l u t e  i n  water,  
1/3 Re1/2 heat :  1 + 0.11 P r 2 l 3  Re I 0.78 + .31 P r  
.OZ cm s-1 
.I cm s-' 
u < 3.8 cm s - l  (mass) 
f o r  water  vapor i n  a i r ,  
1.4 
1.0 cm 5- l  
r 
'I3 > 1.4 sc > 
T r a n s i t i o n  v e l o c i t y  c r i t e r i a  f o r  a sphere: 
U < 1.8 cm s - l  ( h e a t )  
Enhancement of t r a n s p o r t  vapor i n  a i r  and s o l u t e  i n  water  w i t h  
v e n t i l a t i o n  f o r  a sphere, as i n f l u e n c e d  by t h e  t r a n s p o r t  v e l o c i t y .  c 
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l i z i n g  mush, r e l a t e d  t o  pore s ize.  Genera l ly ,  some i n d i c a t i o n  of c o n v e c t i v e  
e f f e c t s  can be assessed f r o m  G r  > 10. Under t h e  c o n d i t i o n s  of these e x p e r i -  
ments, Re < 100, plume e q u i l i b r i u m  r i s e  i s  laminar ,  a l though s t a r t i n g  plumes may 
be osc i  11 a t o r y .  
The KC-135 i s  an i d e a l  environment f o r  s e m i - q u a n t i t a t i v e  l a b o r a t o r y  bench 
t y p e  of exper iments where t h e  t i m e  frame i s  l o n g  enough, s ince  we can o b t a i n  
immediate comparison of t h e  e f f e c t  of low (.05) g and h i g h  ( 2 )  g on growth and 
convect ion.  These exper iments a re  however l i m i t e d  by s h o r t  t ime, and t h e  t u r b u -  
l e n c e  l e v e l  of t h e  a i r c r a f t  under t y p i c a l  c l e a r  a i r  c o n d i t i o n s  (+ - 0.05 9) .  
Many quest ions remain on t h e  na ture  of convec t ion  on t h e  systems stud ied.  
W h i l s t  i t  appears ev ident  t h a t  d e n d r i t e s  and needles growing f r o m  e i t h e r  so lu -  
t i o n  o r  vapor have a m o l e c u l a r y  rough i n t e r f a c e ,  t h e  growth mode of t h e  face ted  
c r y s t a l s  under low s u p e r s a t u r a t i o n  i s  s t i l l  unc lear .  The presence of defec'ts 
(screw d i s l o c a t i o n s )  may be impor tan t  f o r  growth under these c o n d i t i o n s  and 
needs t o  be i n v e s t i g a t e d .  E q u a l l y  impor tant ,  t h e  r o l e  of s low convec t ion  i n  
enhancing l o c a l  supersa tura t ion ,  may be impor tan t  i n  t h e  c r y s t a l 1  i z a t i o n  pro-  
cesses, s i n c e  under these c o n d i t i o n s  growth r a t e  i s  p r o p o r t i o n a l  t o  t h e  square 
of t h e  supersa tura t ion .  These quest ions are of a fundamental nature,  and a p p l y  t o  
t h e  growth of any c r y s t a l .  
The t r a n s i t i o n  t o  growth r a t e  p r o p o r t i o n a l  t o  s u p e r s a t u r a t i o n  once a c r i t i -  
c a l  va lue  f o r  sur face  n u c l e a t i o n  i s  reached may a l s o  be i n f l u e n c e d  by low f l o w  
v e l o c i t y .  Th is  i s  suggested b y  t h e  ground based exper iments on h a b i t  change of 
i c e  growth f r o m  t h e  vapor a t  low supersa tura t ion .  These are  r e l e v a n t  t o  s o l i d i -  
f i c a t i o n  of a b u l k  sample (a metal  c a s t i n g )  where b o t h  i n i t i a l  d e n d r i t e  growth, 
secondary c r y s t a l l i z a t i o n  b y  d e n d r i t e  mot ion i n  t h e  r e s u l t i n g  o v e r a l l  convec t ion  
and f i n a l  c r y s t a l l i z a t i o n  of t h e  aggregate a r e  a l l  impor tant .  Each stage i s  
i n f l u e n c e d  b y  t h e  presence of a g r a v i t a t i o n a l  f i e l d  and t h e  r e s u l t i n g  f l u i d  
f l o w .  
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I n  t h e  absence of k i n e t i c  cons idera t ions ,  t h e  a d i a b a t i c  thermal behav io r  of 
a supercooled s o l u t i o n  f o r  i c e  c r y s t a l l i z a t i o n  or hydra te  c r y s t a l l i z a t i o n  would 
be i d e n t i c a l .  The base equat ions (1, 2) show t h a t  t h e  thermal wave spreads ou t  
more q u i c k l y  f r o m  t h e  c r y s t a l  than t h e  c o n c e n t r a t i o n  wave, which i s  c o n t r o l l e d  
b y  the  low d i f f u s i v i t y  o f  t h e  ions  i n  s o l u t i o n .  The observed c r y s t a l l i z a t i o n  
r a t e s  are rap id ,  so t h a t  beyond a few degrees supercoo l ing  a l a b o r a t o r y  s ized  
sample would be s o l i d i f i e d  t o  a f r a c t i o n  c o n s i s t e n t  w i t h  i t s  i n i t i a l  super-  
c o o l i n g  - - 6% f o r  t h e  case of i c e  supercooled b y  5OC. The observa t ions  show 
t h a t  t h e  temperature r i s e  t o  near t h e  e q u i l i b r i u m  p o i n t  i n  e i t h e r  case f o r  i c e  
i s  instantaneous - w i t h i n  t h e  response t i m e  of t h e  measuring system ( <  0.1 s ) .  
B y  c o n t r a s t  t h e  response t i m e  f o r  t h e  sodium s u l f a t e  i s  much slower.  Th is  i s  
c o n s i s t e n t  w i t h  a k i n e t i c  e f f e c t ,  i m p l y i n g  t h a t  t h e r e  a r e  no b a r r i e r s  to.  i c e  
c r y s t a l l i z a t i o n  - we know t h a t  growth i n  t h e  "al l  a x i s  d i r e c t i o n  i s  n o t  l i m i t e d  1 .  
b y  k i n e t i c s .  By c o n t r a s t ,  we have evidence t h a t  decahydrate c r y s t a l 1  i z a t i o n  i s  
l i m i t e d  by k i n e t i c s  a t  supercoo l ing  l e s s  than 1-2" C. It f o l l o w s  t h a t  i n i t i a l  
c r y s t a l l i z a t i o n  i n  t h e  f o r m e r  case proceeds u n t i l  t h e  e q u i l i b r i u m  temperature i s  
reached t o  l e s s  than 0.1OC w i t h i n  t h e  t i m e  r e s o l u t i o n  of t h e  temperature meas- 
urement; i n  t h e  second case lower  n o n - k i n e t i c  l i m i t e d  growth proceeds u n t i l  t h e  
s u p e r c o o l i n g  i s  - f e w  OC, beyond which k i n e t i c  l i m i t a t i o n s  are  r a t e  l i m i t i n g  and 
t h e  temperature r i s e s  more s l  owl y. 
These c o n s i d e r a t i o n s  l e a d  t o  t h e  f o l l o w i n g  conc lus ions :  
0 For d e n d r i t i c  and s lower  ( face ted)  growth, convec t ion  r a t e s  are  impor tan t  
i n  i m p u r i t y  segregat ion  under q u i t e  s p e c i f i c  c o n d i t i o n s .  These depend on 
c r y s t a l  k i n e t i c s ,  d e n s i t y  excess, i n i t i a t i o n  of convect ion,  and t h e  f l u i d  
thermal and d i f f u s i o n  p r o p e r t i e s .  
0 Convect ion i s  impor tan t  i n  vapor growth i n  changing k i n e t i c s  under con- 
d i t i o n s  t y p i c a l  of t h e  atmosphere; i t  i s  o n l y  impor tan t  i n  i c e  growth i n  
s o l u t i o n s  a t  small  supercoo l ing  and l o n g  t imes. 
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0 Convect ion i s  o n l y  impor tan t  i n  sodium s u l f a t e  growth a t  moderate super- 
c o o l i n g  and under these c o n d i t i o n s  segregat ion  and d e f e c t  s t r u c t u r e  cou ld  
be s i g n i f i c a n t l y  i n f l u e n c e d  b y  l a c k  of convec t ion  i n  low g. 
0 D e n d r i t e  t i p  c r y s t a l l i z a t i o n  i s  in f luenced by convec t ion  i n  some systems; 
t h i s  e f f e c t  can be removed under low g. For these no t  so in f luenced,  
s i n g l e  narrow f i l a m e n t s  un in f luenced by convect ion can be produced i n  t h e  
ground l a b o r a t o r y  by wi thdrawing t h e  d e n d r i t e  t i p  a t  t h e  c r y s t a l  1 i z a t i o n  
v e l o c i t y .  The technique may no t  be p o s s i b l e  f o r  a system e x h i b i t i n g  t i p  
convect ion,  when an extended low g environment may be advantageous and 
a l l o w  l a r g e  d e n d r i t e  w i d t h  a t  lower  supercoo l ing  t o  be produced. The 
r o l e  of e lec t romagnet ic  damping needs t o  be i n v e s t i g a t e d  i n  t h i s  s i t u a - .  
t i o n .  
1 -  
0 I n h i b i t i o n  of secondary c r y s t a l s  i n  l a r g e r  systems by removal of c a l -  
l i s i o n  breed ing  i n  a non-convect ing low g environment can s i g n i f i c a n t l y  
i n f l u e n c e  complete s o l i d i f i c a t i o n  of a mel t ;  c r y s t a l  rearrangement by 
s u r f a c e  t e n s i o n  e f f e c t s  would become dominant. 
0 The low g environment i s  v a l u a b l e  f o r  d i f f e r e n t i a t i n g  between buoyant and 
i n e r t i a l  e f f e c t s  i n  i d e a l  f l u i d  f l o w  systems such as v o r t e x  r i n g  propaga- 
t i o n  o r  plume t i p  r i s e .  
An i d e a l  growth arrangement f o r  such s tud ies  w i l l  r e q u i r e  no t  o n l y  t h e  u n i -  
f o r m  low g of space b u t  t h e  c a p a b i l i t i e s  of h i g h  g (by  a c e n t r i f u g e )  f o r  compar- 
a t i v e  purposes. The comparat ive e f f e c t  of t h e  h igh / low g on KC135 have demon- 
s t r a t e d  t h e  u t i l i t y  of changing g i n  a c o n t r o l l e d  way. F u t u r e  p lans f o r  space- 
s t a t i o n  m a t e r i a l  science and f l u i d  mechanics s t u d i e s  need t o  t a k e  these c r i t e r i a  
i n t o  account. 
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F i  gure Capt ions 
F ig.  1. a, b Conta iners f o r  i n v e s t i g a t i n g  c r y s t a l l i z a t i o n  of u n i f o r m l y  
supercooled l i q u i d s .  Nuc lea t ion  i s  achieved b y  i n j e c t i n g  a 
c o l d  w i r e  o r  a seed c r y s t a l  i n t o  t h e  narrow p l a s t i c  tube. 
The l a r g e r  c o n t a i n e r  ( b )  enables t h e  growing c r y s t a l  t o  be 
moved a t  a f i x e d  v e l o c i t y  up t o  0.5 cm s - 1  r e l a t i v e  t o  t h e  
l i q u i d .  Volume ( a )  10 m l ,  ( b )  100 m l .  
F ig .  2a 
Fig.  2b 
F ig .  2c 
F i g .  3a 
F ig.  3b 
F ig.  4 
Thermal d i f f u s i o n  chamber f o r  i c e  c r y s t a l  growth f r o m  vapor 
under c o n t r o l l e d  temperature,  and supersa tura t ion .  
Thermal d i f f u s i o n  chamber f o r  i c e  c r y s t a l  growth f r o m  vapor 
under c o n t r o l  l e d  temperature,  and supersa tura t ion .  Typ ica l  
temperature and s u p e r s a t u r a t i o n  p r o f i l e s  
A 0.59OC mn-l B 0.47OC mn-l C 0.37OC m-l 
I .  
The dynamic chamber f o r  c o n t r o l  1 ed vent i 1 a t  i on a t  ve l  o c i  t i es . 
up t o  &In s-1. 
S c h l i e r e n  o p t i c a l  system f o r  i n v e s t i g a t i o n  of c r y s t a l  growth 
i n  s o l u t i o n .  
Mach Zender i n t e r f e r o m e t e r  f o r  KC135 s o l u t i o n  growth study. 
Growth c o n d i t i o n  i n  a vapor w i t h  v a r i a b l e  c a r r i e r  gas d i f -  
f u s i v i t y .  Conduction dominates i n  t h e  absence of a c a r r i e r  
gas, and t h e  c r y s t a l  s u r f a c e  temperature approaches t h a t  f o r  
a vapor pressure a t  t h e  environmental  temperature.  When d i f  - 
f u s i o n  dominates ( c a r r i e r  gas a t  h i g h  pressure)  t h e  c r y s t a l  
and environment a re  almost i so thermal .  
Fig.  5 Increase of Temperature w i t h  Time d u r i n g  Ad iabat ic  C r y s t a l 1  i z a t i o n  of 
Sodium S u l f a t e  decahydrate f r o m  s o l u t i o n .  Trace of temperature 
recorded b y  thermocouple shown i n  F ig .  l a .  C r y s t a l  1 i zat  i on appeared 
complete a f t e r  2 minutes,  b u t  f i n a l  temperature was no t  reached u n t i l  
4 minutes l a t e r .  
F ig .  6 Increase of temperature f o l  l o w i n g  a d i a b a t i c  c r y s t a l  1 i z a t i o n  of i c e  
f r o m  NaCl s o l u t i o n .  Note t h a t  t h e  i n i t i a l  temperature of t h e  so lu -  
t i o n  i s  0.25OC below t h a t  of t h e  e q u i l i b r i u m  temperature of t h e  o r i -  
g i n a l  s o l u t i o n ,  r e s u l t i n g  f r o m  s o l u t e  r e j e c t i o n  d u r i n g  i c e  c r y s t a l  
growth. 
F ig .  7 Cross s e c t i o n  of s t a t i c  d i f f u s i o n  chamber f o r  i c e  c r y s t a l  growth i n  
a i r  o r  he l ium a t  c o n t r o l l e d  pressure.  
F ig .  8 Chamber f i l l i n g  and f l u s h i n g  connect ions.  
F ig .  9 Layout of s t a t i c  d i f f u s i o n  chamber f o r  i c e  c r y s t a l  growth f r o m  t h e  
vapor. It i s  mounted i n  p a l e t t e  ready f o r  KC135 p a r a b o l i c  t r a j e c t o r y  
f l i g h t s .  
F ig .  10 V e r t i c a l  and l a t e r a l  g component d u r i n g  low g KC135 parabola 
and h i g h  g p u l l o u t .  The e f f e c t  of t u r b u l e n c e  a long t h e  f l i g h t  
p a t h  g i v e s  g u n c e r t a i n t y  + 0.05 i n  low g and 1.8 + 0.1 i n  
h i g h  g w i t h  l a t e r a l  t u r b u l e n c e  e f f e c t s  - + 0.05 g. 
F ig .  11 I c e  c r y s t a l s  growing i n  t h e  s t a t i c  d i f f u s i o n  chamber a t  temperature - 5' C, i c e  s u p e r s a t u r a t i o n  40% i n  he l ium a t  500 mb pressure.  
F ig .  12 L i n e a r  growth v e l o c i t y  of i c e  c r y s t a l s  i n  he l ium f o r  d i f f e r e n t  
pressures.  
Fig.  13 Growth of i c e  c r y s t a l s  i n  he l i um (500 mb) showing lower  
g rowth  r a t e  i n  l ow  g and h i g h e r  growth r a t e  i n  h i g h  g. 
F ig .  14a, b H a b i t  dependence of i c e  growth f r o m  t h e  vapor i n  a i r  on super-  
s a t u r a t i o n  a t  - 5OC. I n i t i a l  growth: 12% ove r  i c e  g i v i n g  a 
column; l a t e r  growth : 1% over  i c e  g i v i n g  a p l a t e  ( a ) ;  f i n a l  
g rowth  a t  5% ove r  i c e  t o  g i v e  a h o l l o w  column (b ) .  
F ig .  15 
F ig .  16 
R e f r a c t i v e  i ndex  of  water  shows a f l a t  maximum j u s t  below t h e  
e q u i l i b r i u m  f u s i o n  p o i n t  H20, and j u s t  above f o r  D20. I n  
e i t h e r  case, t h e  d i f f e r e n c e  was n o t  g r e a t  enough t o  g i v e  
v i s i b l e  e f f e c t s  i n  t h e  S c h l i e r e n  system. 
Temperature of M e l t i n g  Temperature of 
maximum d e n s i t y  po i  n t  maximum r e f  r a c t i  ve 
+4OC 273.15OC -2 
+ l l ° C  276.97"C +7 
i ndex 
H20 
D20 
Phase diagram f o r  sodium s u l f a t e  - H20 s o l u t i o n .  P o i n t  A 
r e p r e s e n t s  c o n d i t i o n s  of a supersa tu ra ted  s o l u t i o n ,  2.2 M; 
supercooled by  6.9OC. On n u c l e a t i o n ,  c r y s t a l s  grow w i t h  a 
d r i v i n g  f o r c e  e q u i v a l e n t  t o  t h e  i n t e r s e c t i o n  of t h e  ho r i zon -  
t a l  l i n e  w i t h  t h e  e q u i l i b r i u m ,  AM = 0.8 M 
F i g .  17 Sodium S u l f a t e  Decahydrate C r y s t a l s  Growing i n t o  Supersaturated 
S o l u t i o n  f r o m  a n u c l e a t i o n  t e f l o n  tube  below t h e  sur face.  
Three c r y s t a l s  a r e  v i s i b l e ;  a t i n y  one a t  3 o ' c l o c k ,  t h e  
l o n g e s t  one (whose growth r a t e  was measured) a t  4 o ' c l o c k ,  and 
one growing downward a t  5 o ' c l o c k .  The two v e r t i c a l  l i n e s  
(a,  b )  a t  t h e  l e f t  a r e  t h e  plumes of dep le ted  s o l u t i o n .  
Growing c r y s t a l s  appear dark,  because t h e  p i c t u r e  i s  p r i n t e d  
f r o m  Plus-X Reversal  16 m movie f i l m .  3.0 M, AT = 4.3' C. 
Fig.  18: Comparison of C h a r a c t e r i s t i c  Length, d, w i t h  Supercool ing and 
Concent ra t ion  sodium s u l f a t e  decahydrate. 
a )  3.0 M, AT = 4.3' C, 
d = 0.16 cm, R = 0.02 cm S - l .  
b )  3.0 M, AT = 7.7' C, 
d = 1.7 cm, R = 0.2 cm s - l .  
c )  2.5 M, AT = 7.2' C, 
d = 0.6 cm, R = 0.1 cm s - l .  
d )  2.5 M, AT = 8.9' C, 
d = 1.8 cv, R = 0.2 cm s - l .  
F ig .  19a R e l a t i o n  of c h a r a c t e r i s t i c  l e n g t h  and supercoo l ing  f o r  plume 
detachment f o r  a c r y s t a l  of sodium s u l f a t e  decahydrate growing 
h o r i  zon ta l  1 y. 
I -  
Fig .  19b Mach Zender i n t e r f e r o g r a m  of 2 M. Na2S04 - 10 H20 c r y s t a l s  
growing i n  s o l u t i o n ,  1 g. a t  supercoo l ing  2.4'C. 
T h i s  shows a low d e n s i t y  plume r i s i n g  some 3 m behind t h e  growing 
t i p ,  i n d i c a t i n g  a h i g h e r  c o n c e n t r a t i o n  on - both s ides  (a, b ) .  An 
i n s t a b i l i t y  ( s o l i t o n )  moves down t h e  c r y s t a l  ( e )  t o  be re leased 
towards t h e  t i p  ( f ) .  
F i g .  20 
F ig.  21 
Plume f r o m  a moving c r y s t a l  i n  2.5 M Na2S04 s o l u t i o n .  
Supercool ing AT = 4.8' C. C r y s t a l  moved l e f t  t o  r i g h t  
a t  0.15 cm s - l  between t = 17 s and t = 78 s.  
a, b, c show t h e  s t a r t i n g  plume. 
Plume f r o m  a moving c r y s t a l  i n  1.0 M Na2S04 s o l u t i o n .  
Supercoo l ing  AT = 5.5' C. C r y s t a l  moved l e f t  t o  r i g h t  
a t  0.26 cm s - 1  between t = 17 s and t = 29 s .  
I 
I F ig .  22 Successive stages of plume behav io r  of i c e  c r y s t a l s  growing 
I i n  1.0 M NaCl s o l u t i o n .  Supercool in  AT = 0.5' C. C r y s t a l  
, 
I moved l e f t  t o  r i g h t  a t  0.15 cm s-?  between t = 34 s and 
t = 59 s. I 
F ig.  23 
F ig.  24 
F ig .  25 
F ig.  26 
F ig.  27 
F ig.  28 
F ig.  29 
Growth and c o n v e c t i v e  v e l o c i t y  as a f u n c t i o n  of supercool i ng 
i n  Na2S04 s o l u t i o n  f o r  a s t a t i o n a r y  c r y s t a l  a t  d i f f e r e n t  
m o l a r i t i e s .  Convect ive v e l o c i t y  a t  3 M no t  a v a i l a b l e .  
Growth and convec t ive  v e l o c i t y  f o r  Na2S04.10H20 c r y s t a l  s i n  
2.5 M Na2S04 supersaturated s o l u t i o n  as a f u n c t i o n  of super- 
c o o l i n g .  Moved a t  a v e l o c i t y  VT = 0.15 cm s-1 th rough t h e  
s o l  u t i  on. 
I c e  c r y s t a l  growth under s t a t i o n a r y  and 0.12 cm s - 1  t ranspor t '  
v e l o c i t y  i n  0.2 M NaCl s o l u t i o n .  
' 
Growth and c o n v e c t i v e  v e l o c i t y  f o r  i c e  i n  0.4 M NaCl  super- 
c o o l  ed so l  u t i  on as a f u n c t i o n  of supercool  i ng. Transpor t  
v e l o c i t y  VT = 0.17 cm s-1. 
Growth and convec t ive  v e l o c i t y  f o r  i c e  i n  1.0 M NaCl super- 
c o o l  ed s o l  u t i  on determined b y  supercool  i ng and t r a n s p o r t  
v e l o c i t y .  
Growth and c o n v e c t i v e  v e l o c i t y  f o r  i c e  i n  supercooled sea 
water  as a f u n c t i o n  of s u p e r c o o l i l n g  a t  t r a n s p o r t  v e l o c i t y  
V T  = 0.15 cm S-1. 
Growth and c o n v e c t i v e  v e l o c i t y  f o r  1.0 M and 2.0 M sodium 
s u l f a t e  s o l u t i o n .  Transpor t  v e l o c i t y  VT = 0.26 cm s-1. 
Fig. 30 Growth and convec t ive  v e l o c i t y  f o r  sodium s u l f a t e  2.5 M so lu -  
t i o n .  Transpor t  v e l o c i t y  VT = 0.15 cm s-1. 
Fig.  31 I c e  growth and c o n v e c t i v e  v e l o c i t y  f o r  0.4 M and 1.0 M NaCl 
s o l u t i o n .  Transpor t  v e l o c i t y  VT = 0.15 cm s-l. 
Fig .  32 Growth and c o n v e c t i v e  v e l o c i t y  as a f u n c t i o n  of c r y s t a l  t r a n s p o r t  
v e l o c i t y  f o r  d i f f e r e n t  mol a r i  t i  es , supercool i ng 5.5' C. Arrows 
i n d i c a t e  expected growth r a t e  i n  low g i n  absence of convec t ion  
observed i n  1.0 g. 
F ig .  33 I c e  c r y s t a l  growth r a t e  and convec t ion  ve l  o c i  t i es a t  d i f f e r e n t  
t r a n s p o r t  v e l o c i t y  f o r  NaCl s o l u t i o n ,  0.2 M and 1.0 M. Arrows 
i n d i c a t e  expected growth r a t e  i n  low g i n  absence of convec t ion  
observed i n  1.0 g. I .  
Fig.  34 C r y s t a l  growth and convec t ion  i n  2.3 M sodium s u l f a t e  s o l u t i o n .  
(a -x )  Nuc lea t ion  was achieved b y  i n s e r t i n g  a decahydrate c r y s t a l  i n t o  t h e  
tube. I n i t i a l  e q u i l i b r i u m  temperature 27.OoC; i n i t i a l  supercoo l ing  
5.l0C g i v i n g  AnA = 0.06 ( X . =  .6328 p) ( f rom Fig. A4).  
Photography of a growing c r y s t a l  began i n  low g r a v i t y  ( a ) ,  cont inued 
f o r  17 s a t  g 0.05 + .02 ( w i t h  v a r i a b i l  i t y  due t o  atmospher ic t u r -  
bu lence)  and then c o n t f i u e d  as g increases t o  > 1.2 g. Growth r a t e s  
a r e  g iven f o r  c r y s t a l  A,  B, C, h i n  Fig. 35. 
A plume of low d e n s i t y  had emerged f r o m  the  c a p i l l a r y  (k, 1 )  and i s  
e s s e n t i a l l y  s t a t i o n a r y  d u r i n g  low g, b u t  a c c e l e r a t e d  upward as g 
increased. Two o t h e r  plumes r i s e  f r o m  t h e  h o r i z o n t a l  c r y s t a l s  as gra- 
v i t y  increases k 2, 3. The main s e t  of f r i n g e s  a r e  f rom monochromatic 
l i g h t  (0.6328 p) w i t h  f r i n g e  spacing and d e t a i l  i n  un i form d e n s i t y  
r e s u l t i n g  f r o m  inhomogeni t ies i n  t h e  c o n t a i n e r  and t h e  angu lar  o f f  s e t  
. of t h e  m i r r o r s .  The c l o s e  f r i n g e s  shown a t  t h e  bottom of t h e  c e l l  
r e s u l t s  f r o m  t h e  c u r v a t u r e  of t h e  glass.  Narrow d i f f r a c t i o n  f r i n g e s  
occur  around a l l  reg ions  of sharp d i s c o n t i n u i t y ,  and are  ignored i n  
t h i s  ana lys is .  
Sequence 1: a - p shows c r y s t a l  growth and plume development go ing f r o m  . - 
Sequence 2: q - x shows plume development i n  h i g h  g, decreas ing on e n t r y  l o w  t o  h i g h  g. 1 '  
i n t o  low g. 
The boundary l a y e r  around t h e  downward o r i e n t e d  c r y s t a l  D ( t )  remains 
unchanged from h i g h  g t o  low g, b u t  increases as g increases (w, x ) .  
The boundary l a y e r  around t h e  s l a n t  c r y s t a l  E ( t )  decreases i n  t h i c k n e s s  
as t h e  t i p  convec t ion  decreases and f i n a l l y  ceases i n  low g. 
C r y s t a l s  s t i l l  move around under low g presumably because of c a p i l l a r y  
e f f e c t s .  
Fig.  35 Crys ta l  growth r a t e s  and plume r i s e  v e l o c i t y  d u r i n g  g r a v i t y  change f r o m  
low t o  high. Data f r o m  Fig. 34, A,B,C,h; 1, 2, 3, k 
F i g .  36 A bouyant plume which emerged f r o m  t h e  n u c l e a t i o n  tube i n  h i g h  g 
remains almost s t a t i o n a r y  i n  low g ( a  - i ) ,  acce le ra tes  as g inc reases  
( j  - 1 ) .  A v o r t e x  r i n g  i s  c rea ted  from a f a l l e n  c r y s t a l  ( o u t  of t h e  
f i e l d  of v iew) r i s e s  as g increases (m - n) .  I n i t i a l l y  a wake i s  e v i -  
dent,  b u t  i s  no t  apparent a t  a l a t e r  stage ( s , t ) .  u-z shows a f u r t h e r  
sequence w i t h  d i f f e r e n t  i n t e r n a l  s t r u c t u r e .  Supercool ing 2.45OC. 
F ig.  37 a, b, c V e l o c i t y  of t h e  plume and v o r t e x  r i n g  i n  Fig. 36a r e l a t e d  t o  
g r a v i t y .  There i s  an apparent decrease of v o r t e x  r i n g  ve lo -  
c i t y  as i t  r i s e s ,  i n  bo th  cases. g magnitude i s  no t  a v a i l a b l e  
i n  t h i s  reg ion.  
F ig .  38 A downward growing i c e  c r y s t a l  i n  6.0% 1.07M NaCl (AT = 1.3' C) g i v e s  
no convec t ive  plume i n  low g and takes - 13 s t o  i n i t i a t e  a downward 
c o n v e c t i v e  plume i n  h i g h  g. The c r y s t a l  r o t a t e s  and grows s l i g h t l y  
f a s t e r  on e n t r y  i n t o  h i g h  9. 
F ig .  39 Growth v e l o c i t y  of t h e  downward o r i e n t e d  d e n d r i t e  (F ig .  38) i s  unre- 
l a t e d  t o  g. The plume of h i g h  c o n c e n t r a t i o n  NaCl s o l u t i o n  takes - 10 s 
b e f o r e  l e a v i n g  t h e  d e n d r i t e  mush. 
F ig .  40 I n f l u e n c e  of h i g h  g r a v i t y  on plume convec t ive  v e l o c i t y  and growth r a t e  
of  a h o r i z o n t a l l y  growing i c e  d e n d r i t e  i n  6.0% 1.07M NaC1. 
Supercool ing l . l ° C .  
F ig .  41 Nuc lea t ion  and growth of convec t ive  plume t r a n s p o r t e d  c r y s t a l s .  NaCl 
s o l u t i o n  6.0% 1.07M supercoo l ing  1.3O C. The c r y s t a l s  nuc lea te  a long 
t h e  plume i n j e c t e d  downward f r o m  t h e  c a p i l l a r y  tube a f t e r  t h e  i n i t i a l  
n u c l e a t i o n  (a, b) .  As t h e y  grow t h e y  r i s e  (g > 1.2 i n  each case), t h e  
c r y s t a l  l i n e  becoming unstable.  The h i g h e r  d e n s i t y  f l u i d  i s  a p p a r e n t l y  
c a r r i e d  a long w i t h  t h e  c r y s t a l s  and does no t  have t i m e  t o  d ra in .  
Appendix - F igure  Capt ions 
A- 1 S p e c i f i c  g r a v i t y  - m o l a r i t y  f o r  sodium c h l o r i d e  s o l u t i o n .  
A-2 S p e c i f i c  g r a v i t y  - m o l a r i t y  f o r  d i f f e r e n t  temperatures of sodium 
s u l f a t e  s o l u t i o n s .  The curved l i n e s  a r e  e q u i l i b r i u m  f o r  t h e  deca- 
h y d r a t e  and t h e  anhydr i te .  
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A-3 Temperature dependence of t h e  Kinematic v i s c o s i t y  of 2.95 M sodium 
s u l f a t e  s o l u t i o n .  
A-4 R e f r a c t i v e  index f o r  sodium s u l f a t e  and sodium c h l o r i d e  s o l u t i o n s .  
A- 5 Temperature dependence of r e f r a c t i v e  index f o r  sea water. 
